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ERRATA AND AUTHORS’ EMENDATIONS 


Page 7, figure 2, the scale showing worm eggs ])er gram of feces should read 
0 to 13 instead of 0 to 9. 

Page 69, line 2, “(p. 65)” should be ^‘(p. 66).” 

Page 1«56, paragraph 2, line 2, *‘but hi plants” should be “but some W plants.” 
Page 169, paragraph 2, sentence 2 under heading should read, “Many plants 
of U. S. 22 have been tested and all have . » 

Page 222, footnote, “2,818” should be “2.818.” 

Page 233, tenth line from bottom, “regarded” should be “retarded.” 

Page 284, 288, and 289, tables 1, 2, and 3, “Shelby silt loam” should be “Shelby 
loam.” 

Page 320, line 10, “calcium sulfur” should be “calcium and sulfur. ’ 

Page 415, table 2, footnote reference numl)er 1 should be inserted after “Lind.” 
Page 418, line 11, ^^Anuraphis rosae'* should be ^^Anuraphis roseus,^* 

Page 426, footnote to tai)le 3, “Keraney” should be “Kearney.” 

Pages 433 and 440, in figures 4 and 5 the graphs should be reversed. 

Page 523, footnotes 1 and 2 should be reversed. 
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STOMACH WORM (HAEMONCHUS CONTORTUS) INFEC¬ 
TION IN LAMBS AND ITS RELATION TO GASTRIC 
HEMORRHAGE AND GENERAL PATHOLOGY * 


h \ John S. Andrews 

Associaif pftKisifologisty Zoological Division ^ Bin can of An,mini Jndnslry^ 
Vniird States Department of Agriculture 

INTRODUCTION 

T\w lif(i liisloiy of th(‘ stomacli worm, Uaemotwltus vontorfm, was 
first \\()rk(‘(l out (‘xjxTiirKMitally l)y Ransom (7) ^ in 19()(). Nino years 
lalor V('ji:lia (S) made a llioroii^li study of this n(‘matod(*, including 
ohsorvations oji tli(‘ pathological change's produced by it in th(' ahoma- 
snrn of ('XjX'rinK'nlally infected lambs. 11(‘ found that the worms 
caiis(‘d eonsid(*ral)l(‘ hemorrhage into the stornaedi during the fourth 
and fifth stage's of the'ir life cye'le. 

In 1931 Kourie' (0 made' the' first detaih'd stuely e)f the pathedogy and 
he'inatology of II. contorius infection in she'ep. lie (‘onclude'd that the 
ane'inia ohse*rve'el in sheep e'Xpe'rime'ntally infecte'd with this nematode 
was |)ur('ly h('me)rrhagic in ediaracte'r, since' he was able to reproduce' 
the same' Ideaiel |)icture' in he'althy lambs by jx'riexlic blee'eling from the 
jugular vein. Thre'e' ye'ars late'r, Martin and Clunie'S Ross (6*) madei a 
“niinimar’ e'stimate' e)f the* quantity e)f blooel withdrawn elaily by 
//. contortuH female's. Tlu'se* authors calculate'el the' quantity of phos- 
phe)rus in the' e*ggs laiel by the we)rms, anel, ein the' assumptiem that this 
phe)sphe)rus e'ame' wheilly freim the* bloexl of the* hexst, the*y estimated 
that ‘2,000 female* worms would withelraw about 30 cc. e)f blexxl elaily. 
The*y conclueleel that the* teital le)ss e)f blooel as a re'sult of such an infe*s- 
tatioji ceiulel safe'ly be* ele)uble*el, since the 30 cc. did not include* the blood 
e*e)nsume*el by the* male weu’ins, that which undoubte*elly passe'el through 
the alime*ntary tract eif the^ wenuns unchange'd, anel that which was lost 
by he'meuThage* into the* steirnach. The*y agree'd with Fourie* that the 
('ffects of heavy infestations with II. contortus we*re elue* to the e*emtinua' 
le)ss e)f blooel, without any aelelitional action of toxie* secretie)ns or proel- 
ueds of the^ parasite’s me*tabe)lism. 

Boughton anel Hnrdv {!) were* able* to obse*rve* the behavior of this 
l)arasite* through fistulas made* in the fourth stomae'h of infe*ct.e*el sheep. 
The*y founel that the* parasite's attae*he'el themse'lves to the stomach wall 
by a pe'culiar striking mot ion e)f the Ix'ad and nee'.k; that the'y remaineel 
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attached for about 12 minutes and sucked blood, which could be fol¬ 
lowed through the intestine of the nematode almost to the anus; and 
that minute hemorrhages, which continued for a maximum of 7 min- 
\)tes, occurred as soon as the worms detached themselves from the 
stomach wall. 

It is evident from the literature cited that H. contortus infection in 
sheep may cause severe anemia in those animals, but except for the 
report of Bo ugh ton and Hardy there is no direct (‘vidence that this 
anemia is the result of h(morrhage. 

It is the purpose of th(‘ present paper to present additional evidence' 
to the (‘ffect that (1) infection of lambs witli the common she(*.p stomach 
worm, II, contortus, may result in severe and even fatal anemia; (2) 
tJiis anemia is chielly due to hemorrhage into the fourth stomach; 
(3) tlie (piantity of blood lost by the hemorrhage' may ])e estimated by 
eletermining the' quantity of blood passe'el in the fec.es; (4) the anemia 
produced by stomach worm infection is similar to that causeel by the' 
])e'riodic withdrawal of measuiTel quantitic's of blood by bleeding from 
the jugular vein; and (5) the anemia is the result, at least in part, of 
blood loss due^ te) continue)us, seeping, capillary hemorrhage' re'sulling 
from injury causc'd by the' worms to the mucous me'mbrane of the* wall 
of the stomach. 


MATERIALS AND METHODS 

Nineteen lambs 2 to S months of age we're usoel in the'se' e'xpe'i iments, 
wliich we're' e'emdue'te'd in 1933 and from 1930 to 1938, ine'lusive. All 
the' lambs were' born anel raise'd at the United State's Dc'partme'nt of 
Agriculture, Beltsville Research Cente'r, Be'ltsvilh', Mel., anel we're' 
Hampshire'-Southdown crosses. Thc'y were kept in cage's having 
e'oncrete' tioors, which we're clc'aned daily. The' lambs we're fed an 
adequate ration consisting of alfalfa liay and a grain mixture. Salt 
and wate'i* were kept before the'in at all times. At tlu' beginning of the' 
experiments the lambs we're free' of all neunatoeh' ])arasite*s e‘xee])t 
StrongylouJfs papUlosus, whie*h appare'ntly diel not attV'ct the' re'sults e)f 
the* expe'riments, since? this parasite was pre*se*nt to the same' e*xtent. in 
both control anel infe'cted Iambs. 

For tlu? purpose e)f infee^ting the experimental lambs, female? speci¬ 
mens of Ilaemoachus contortus were obtaineel from freshly slaughtereel 
sheep at an abatteiir near Washington, I). (\ The eggs from these 
worms were cultured in helminthologically sterile sheep feces and 
animal charcoal, anel the infective larvae were administereel per os to a 
worm-free lamb by means of a funnel and rubber tube. When this 
lamb began to pass eggs of II, contortus, the feces were cultured with 
animal charcoal, and the larvae obtained were aelministered to the 
experimental lambs in the doses shown in table 1. 

Whenever possible the length of time between the first dose of infec¬ 
tive larvae and the first appearance of blood and stomach worm eggs 
in the feces was ascertained. At frequent intervals blood samples were 
taken from the jugular vein of all lambs, and records were made of the 
total number of red and white cells per cubic millimeter of blood, the 
number of grams of hemoglobin per 100 cc. of blood, the percentage of 
packed red cells, by volume, in 1 cc. of whole blood (hereafter referred 
to as volume percentage of packed red cells), the percentage of the 
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Table 1. —Data on degree, of infection of lambs with Haernonchus contortus and first 
appearance of blood and worm eggs in feces 
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(lilFeronl types of wliile cells, iind the mimher of reliculocvles per 1,()()() 
f‘(ul cells. The number of worm eg^s per gram of feces passed hy the 
infected lambs was also ascertained at frequent intervals. Observa¬ 
tions on the icteric index were made, hut since there were no deviations 
from normal tliese data are omitted. 

The presence of lilood in the feces was determined by the benzidine 
test. A Levy-Haiisser counting cliaml)er was used for obtaining the 
total red and white cell counts. A clinical model Haden-Hausser 
hemoglobinometer was used for the hemoglobin determinations, and a 
Wintrobe hematocrit was used for ascertaining the volume peurentage 
of packed red cells. The blood smears from which the dilferential 
white cell counts were made were stained with Wright's stain. For 
the reticulocyte counts, the Idood w^as stidned in vitro with brilliant 
cresyl blue. Approximately 500 white cells and 1,000 red cells were 
counted for the tw^o determinations. 

In order to ascertain the relationship between the different stages 
of development of the w^orms within the host and the pathological 
changes produced in the abomasum, four lambs (Nos. 13, 14, 15, and 
16) were given equal numbers of infective larvae on the same day and 
were then killed at different intervals after infection. 

The total quantity of blood passed with the feces of two lambs 
(Nos. 11 and 12) during the period that they harbored fatarinfections 
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of 11. contortUfi was ascortainod b^y a modification of the method pub¬ 
lished by Van Eck (2) for determining the quantity of blood in human 
feces. One gram of shee]) feces was boiled with three separate 20-cc. 
portions of glacial acetic acid. The acid from the three extractions 
was filtered off by suction through a pie(*e of No. 1 Whatman filter 
paper placed over a Buchner funnel, and was collected in a large test 
tube. The filtrate was then thoroughly mixed, measured, and a small 
knowui fraction of the total, the size of which depended on the quantity 
of blood in the sainide, was treated with a 1-percent solution of com¬ 
mercial benzidine in glacial acetic acid and 3 percent hydrogen perox¬ 
ide. After dilution with 95 percent alcohol and 5 percent sodium 
hydroxide in distilled water, the resulting solution was placed in a 
calorimeter and the color compared wiih that of a similarly treated 
standard containing a kfiowii quantity of blood. As a control on this 
phase of the work, a knowui (|uantily of blood was removed daily, except 
vSundays, from the jugular vein of lamb 17, and blood counts made to 
detei'mine the degree* of anemia produced. Lambs IS and 19 also 
were uninfected and used as controls in determining I he* changes in r*ed 
cells and hemoglobin in the* blood. 

DATA OBTAINED 

WORMS KECOVEKEI) AND FIRST INDICATIONS OF BLOOD AND K(;(;S IN FECES 

The data on the degree of infection of the expei*imental lambs with 
IlaemonchuH contortus arid the first appearance of blood and worm eggs 
in the feces ai’e given in table I. 

Jjainbs 1, 11, and 12 di(*d of 11. contortus infetdion. Lamb 5 was 
ap()arently in tlu* last stug(‘s of the disease*, as is indicated in liguri* 4, 
when it was killed for post mortem (‘xamination. Tin* remainder of 
the lam))s recov(*i-(*d from flu* (*fiects of the exp(‘rirn('ntal inf(*ctions ad- 
minist(*i’ed and wei'c autopsi(‘d on the dates indicat(‘d. 

In those lambs in which blood or woinis eggs ai)pear(*d in tin* fe(‘(‘s, 
the foi'mer w^as observed, on the average, aboul S days after infection 
and the latt er about 20 days after. In lambs 11 and 12 death occuiT(*d 
before worm eggs app(*ared in the f(*c(‘s, thus making a positive diag¬ 
nosis of H. confortm infection impossibh* prior to post mort(*rn exami¬ 
nation. Th(*re was a delay of a f(‘wdays in the app(‘aranc(* of w orm eggs 
in the feces of lambs 1 and 0. In lamb 1 this delay was no doubt due 
to the very large inf(*stiition present, resulting in an ov(‘rcrowTled con¬ 
dition and a r(*tardation of development of the w^orms. In lamb 0, tin* 
delay was probably due to the fact that the lamb was able to build uj) 
some* r(*sistance to the infection as it had rec(*ived comparatively large* 
daily doses of larvae for a considerable period. 

The j)erc(‘ntages of larvae that were able to (*stablish thems(*iv(*s in 
the host animals varied. However, since the* interval betwe(*n infec¬ 
tion and necropsy also varied, it was impossible to d(‘termine wheth(*r 
there was a significant difference between the*. numl)(*r of w^orms (*stiib- 
lishing themselves in the lambs that r(*c(*ived only a few doses and in 
those that received daily doses for a fairly long pi'riod of time. 

RED CELLS, HEMOGLOBIN, AND BLOOD RECOVERED IN FECES 

Figures 1 to 8 show, for both experimental and (‘ontrol lambs, the 
changes in the number of red cells per cubi(*. millimeter of blood, the 
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lumiber of grams ol hemoglobin ]>er 100 cc., the volume percentage of 
packed red c('lls, and the number of worm eggs per gram of feces 
Figures 5, 0, and 7 also contain data on th<‘, quantity of blood lost by 
lambs 11, 12, and 17, respectively. 

Lambs Recovering From Infection 


Data on th(‘ red-cc^ll counts and hemoglobin obtained on all the 
lambs that r(‘cov(U‘('d from the infection, lint the results from only three 
repivsentative lambs (Nos. 4, 3, and 9) are iirosented in this'paper. 



tifa/BE 1.- He(t cells and liciiioglohin in the blood of lamb 4 correlated with tin* 
number of worm (*f<gs i)er gram of feces passed during experimental infection 
wuli ilaemonchus contortus. 


The daily doses ol lai'vai* administenal to lamb 4 (fig. 1) were appar¬ 
ently too smtiW to produc(» marked symptoms of stomach worm dis¬ 
ease', as is indicated liy tin' relatively small decrease' in the number of 
red C('lls per cubic millimeter of blood. Although the number de¬ 
creased to 8.6 millions, it was not sufficient to cause marked changes 
in tlu' hemoglobin or in the volume perci'nlage of packi'd red cells. 
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The most significant ol)scrvation recorded in figure 1 is the correla¬ 
tion between the low point of the. red-cell curve and tlu' high point of 
tlie worm-egg curve. Following the first peak in the (‘gg count, the 
number of eggs decreased rapidly to almost z(*ro, in spite of the daily 
administrntion of larva(‘. riimultaneously, there occurred a rapid in- 
(‘r(‘as(» in the numb(‘r of red cells and in the hemoglol)in. Approximate¬ 
ly f) W(*(‘ks later then' was a, second incrc'ase in the numb(*r of worm 
eggs witii a second sliglit d(‘crease in the number of red c(*lls, the two 
phenomena occurring again with approximately the same time relation 
between thetn. These' data show a de'finite lU'gative correlation be¬ 
tween tlu' number of worm eggs and the nutnber of re'd ce'lls in the blood. 
They also indicate that lami) 4 developed a partial n'sistance against 
superinfection, only to have' it broken de)wn tempe)rarily a short time 
later by ce)ntinued rennfection. 

The greate'r number of larvae aelministe'red to lamb 3 caused a cor- 
re'spe)ndingly gre'ate'r elecre'ase in the number of re'd e*ells, quantity of 
he'-me^gle)bin^ anel ve)lume pererentage of pae*k('d red ce'lls (fig. 2) than in 
the case of lamb A. In lamb 3 the number of re'd ce'lls eh'cre'aseel te) 
0.5 millions per cubic millimete'r of bloe)el she)rtly afte'i* the numbe'i* of 
('ggs pe'i* gram of feex's re'ae*he'el its maximum of 12,700. In this lamb 
also a suelde'U decrease occurre'd in tlie number e)f e'ggs pe'r gram e)f 
fe'ces in spite of cemtinual su|)ennfe'Ction, anel then' was alse) a simul- 
tane'ous rapiel incivase in the number of re'd ea'lls, ejuantity of heme)- 
globin, anel volume' j)e'rce‘ntage e)f packeal rc'd e*e‘lls. As with lamb 4, 
a se*e*e)ndary incre'ase' in the' numbe'r ed‘ e'ggs in the'. iVea'S ex’curre'd sirnul- 
tane'ously with a slight ele*e*re‘ase* in the mnnbe'r e)f real ce'lls. 

In lamb 0 (fig. 3), the* e-liange'S bre)ught al)e)ut in the' l)le)e)el by the' 
we)rm infe‘e*tie)n paralle'leal cle)se'ly those' in lambs 4 anel 3. IIe)we'ver, 
in lamb 0, the' ])e'ak e)f the* we)nn-e‘gg eairve re'ae'heal 24,800 e'ggs pe'r 
gram of fece'S, whe're'as tlie' lowe'st point of the' rc'el-ce'll curve' was 4.2 
millions pe'r cubic millime'ter of blexxl. The' le)w pe)inls of the (*iirve*s 
tor he'inoglobin anel fe)r the vedume pere-entage of packeel re'd cells we're' 
i-e*ach('el about a me)nt]) late'r than that for the numbe'r of reel cells. 
Coincident with the' eleauvase' in e'gg ea)unt was the characte'i’istie* rapiel 
I'ecovery of the bloe)d to ne)rrnal within about- 29 days. The' pe'ak of 
the' e'gg-count e*urve of this lamb was mue'h higher and broade'r than 
that e)f the two pre'ce*elinglam])s, e)wing pre)bably te) the fact tliat lamb 9 
hael no eduince threuigh supe'rinfe'ctiem te) de'vele)p re'sistane*e' against the' 
mfe*e*tie)n. 

In all thre*e' lambs that re'e*e)ve're'el fre)m the' inlection, tlie're' was found 
to be a ne'gative ce)rre'latie)n betwe'en the e'gg c.e)unt anel (1) the' num¬ 
ber of H'el ce'lls per e*ubie* millime'ter of ble)e)el anel (2) the quantity of 
he'ine^globin pe'r 100 ce*. 

Lamhs DviNej Fkom iNFEe’Tior^ 

In the stuely of the blood picture of the lambs that elieel of the infec¬ 
tion, lamb 5 also was included since, as already stated, it apparently 
was in the last stages e)f the disease when it was killed for post mortem 
examination. Complete data on lamb 1 wore not available; conse¬ 
quently, this Iamb was omitted from the study. 

The data for lamb 5 are given in figure 4. The blood picture of this 
animal differs from that of the foregoing ones in that there was no 
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tendency for the number of red cells and quantity of hemoglobin to 
return to normal with a decrease in the number of eggs per gram of 
feces. It also differs from the others in that the decrease in the number 
of red cells occurred before the peak of the egg count had been reached. 
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Fi(U)KE 2. Hed cells and liciuoglobni in the blood of lamb 3 correlated with the 
number of worm epfgs per gram of feces passed during (^xperinuuital infection 
with llaemoncfius contortus. 


In fact, most of this decrease occurred before the number of eggs per 
gram of feces rose to a figure that would be diagnostic of stomach worm 
disease. This lamb was anesthetized with ether and the stomach 
injected with hot Gilson^s fluid in order to fix the worms in jmsition in 
the stomach. When the worms were counted on post mortem exami- 
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nation, a very unusual sex ratio was discovered. There were 1,474 
males and 92 females, a finding that accounts for the terminal drop in 
the e.gg count without any sign of an increase in the number of red 
blood cells. 



Fkjlike 3. Ked cells and hoiiioglobin in the blood of lamb 9 correlated witli the 
number of worm eggs per gram of f<*ce.s jiassed aft(‘r e\p(*rimental infection with 
IJaewonchtis contortua. 


Figures 5 and G ])reseiil the results obtained for lambs 11 and 12 
respectively. The blood piedures are similar to that of lamb T) but, as 
already stated, no worm eggs were passed in the feces of either lamb 11 
or 12. In both of the last-mentioned lambs, tiio number of red cells 
and the quantity of hemoglobin decreased to r)ractically the same level 
at death. 

According to figures G and 6, 1,492 and 2,380 cc. of blood were re¬ 
covered from the feces of lambs 11 and 12, respectively, during the 
10 days that the feces of these lambs were analyzed. Each of these 
lambs weighed about 25 pounds. According to Hodgson (5), who 
states that the weight in pounds multiplied by 38 gives the blood vol- 






RED CELLS PER CUBIC MILLIMETER OF BLOOD (MILLIONS) 
HEMOGLOBIN PER 100 CC. OF BLOOD (GRAMS) 
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Fkjurk *1. Ko(i cftlls aiui h(Rn()^!:I()bin in the blood of lamb 5 corr(3lated with lh( 
number of worm eggs per gram of feces passed during e\p(‘rimental infectioi 
^^itll Jlavwonchun contortuft. 


WORM EGGS PER GRAM OF FECES (THOUSANDS) 
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urnc, oacli animal normally had about 950 cc. of blood. Therefore, 
1.57 and 2.50 times the total blood volume wen^ recovered from the 
feces of Iambs 11 and 12, respectively, during llic entire period of 
infection. The dilTerence in these Hgures may be due to the fact that 
the onset of hemorrhage in lamb 11 following the administration of the 
single large dose of larvae was more sudden and the loss of blood more 
rapid than in lamb 12, which receiv^ed smaller doses of larvae over a 
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Fkjuke 5. Kod cells aiid heinoglobiii in llu* blood of lamb 11 correlated with the 
quantity of blood recovered from llu* fece.s passed afbu* (‘xperimeiital infection 
with Ilarmonchua coniorfus. 


period ()f (iiiie. In the second lamb the loss of blood was apparentl_v 
less rapid at lirst. This circnnistance ])ermitted a greater restoration 
of the blood lost than was possible in the first, lamb. The slower 
hemorrhage would therefore result in the loss of a greater volume of 
blood while producing the same, degree of anemia as in lamb 11. 

Although the (piantitative relationship between the volume of blood 
recovered from the feces and the volume of blood lost by hemorrhage 
into the abomasum is at present unknown, since losses from digestion, 
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assimilation, and bacterial decomposition undoubtedly occur, such 
losses would tend to increase rather than to decrease the quantity of 
blood at the source of hein()rrhag:e represented by a unit quantity of 
hemoglobin recovered from the feces. Therefore, any error involved 
in the determination due to this factor would not invalidate the con¬ 
clusions drawn from the jjresent analyses. 
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KiriruE ().- H(‘(l colls find lioirioglohiu in tlio blood of lamb 12 corrolatod with the 
(lUfinlity of blood recovered from the fc'ces passed during experimental infectio!i 
VNith Ilacmonchua amtortus. 


As aln'rtdy sUitod, luinb 17, which was used as a control in tliis phase 
of the work, was bled daily, except Sundays, from the jugular vein. 
The. data obtained are plotted in figure 7. As is shown in the figure, 
3,7)00 ec. of blood were removed from this lamb during a period of 15 
days. At the end of that time the animal had slightly more than 
2 million red cells per cubic millimeter of blood, a stage of anemia 
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(juantity of blood rciiiovod from tlio ju#,(iilar vein. 

(•oinparabl(' to that in lambs 11 and 12. Lamb 17 wt^ighod 38 pounds, 
and its total blood volumo was 1,444 cc,., according]: to Hodgson {/)), 
About 2.47 timos its blood volum(», thorofon*, was romovod in produc¬ 
ing this dcgr(»(‘ of anemia by the end of the ir)-day period during which 
it was bled. When an allowance is made for the replacement, of lost 
blood during the two Sundays that lamb 17 was not bled, the (pianti- 
ties of blood lost in the three lambs (Nos. 11, 12, and 17) agree suffici¬ 
ently W(41 to show that the anemia in stomach worm diseases in sh(M‘p 
is definitely caused by lumorrhage. 

CoNiROL Lambs 

The average valiK'S for the number of r(»d cells pi'r cul)ic millimeter 
of blood, the quantity of hemoglobin por 100 cc., and the volume 


BLOOD REMOVED FROM JUGULAR VEIN (CC) 
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l)(‘r(*('nUi^(i of pac*k(*(l r(*cl blood cdls for the rontrol lambs 18 and 19 
aiT ^iv(*n in 8. Those* data show that t-ho blood of tho two lambs 

i‘omain(‘d normal in th(*s(* rospects during tho ontiro tirno that thoy 
wore* iindor e)bseTvatie)n. 


ltETICUIX)CYTE COUNTS 

The* infe‘e*t(*el lambs 9, 11, and 12 and tho ble'el lamb 17 wore considort^d 
te) be* typical of all tho infootod Iambs in numl)e*r of roticulocytos pc'r 
1,000 rod colls. The*re*foro, the*so animals wore* se*le*ctoel for this phase 
of tho study. The re*sults arc shown in table 2. 
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Table 2 .—Nimher of reticulocytes per t,000 red cells in three lambs infected with 
llaemonchus conlortns and in lamb 17, bled from the jugular vein 
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As is shown m tnhlc 2, tliorc was a <>:r(‘al variation in llio number of 
relieulocyti's foiiml in tlii' blood of tiie four lainl)s at diffenuit tinii's 
durint' the development of thi' anemia. This variation was apparently 
due to the individual reaction of each lamb to the suddenness and se¬ 
verity of the e.xperimental infeetion. Since tlie numlx'r of retieuloeytes 
in laml) 11 was even liifrber tlian that in lamb 17. there appeared to Ix' 
no evidence that hematopoii'sis was interfered witli by toxins of any 
kind. No r('tieuloeylc.s w'cre found in the blood of the control lambs. 

TOTAL AND DIFFERENTIAL WHITE-CELL COUNTS 

The data on the total and difl'orential whiti'-eoll counts for the exper- 
inumtal and control lambs are shown in table 3. 

Statistical analysis of the data in table 3 indicated thi* followinfi 
sifinificaiit differences. The number of whiti' c.ells per cubic millimeter 
of blood in each <'roup of exix'rimental lambs was {'nailer than thati of 
the controls, thus indicating; that the same chan{'(‘S in the total white¬ 
cell count occurred wIk'H hemorrha{'e was the sole cause of the anemia 
as w’hen it was brought about by the //. contortus infi'ction. The lambs 
dying from infection and the bled lamb had higher percentages of 
polymorphonuclear cells than thi' controls. The first-mentioned 
group also had more polymorphonuclear cidls than the lambs that 
recovered from tlu^ infection, 'riii'. group that n'covered, on the other 
hand, had a higlu'r percimtage of I'osinojihih's than the controls and 
fatal cases, a finding which indicated a jiositive correlation between 
eosinophiles and the development of resistance to the infeetion. The 
percentages of basojihiles and monocytes were so small that no conclu¬ 
sions could be drawn from the observations. The differential counts 
ol the. lambs that died from the infection and those of the bled lamb 
were practically the same. 
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Table 3. —Average total and differential white-cell counts of the lambs 
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l*ATH()L()(;iC'AL FINDINCiS 

Kvi(lon(‘os of heiuoiTliiip:o ])ro(luced in tlio aboinnsiim by Ilaemotichus 
co'nforftts have been repeatedly o])served by the author on lambs at 
aiito])sy. However, in older to clarify the jiathological picture pro* 
(luced by this nematode and relate it to the life history of the worm, 
the following observations were made on lambs 13, 14, 15, and 10, 
which were given large doses of infective larvae and w(‘re then killed 
at ditferent intervals after infection (table 1). Four days after infec¬ 
tion the larvae* were found between the ])a])illae of the mucosa of the 
abomasum. There was no evidence of injury to the mucosa, nor of 
hemorrhage, and the larvae had not attached themselves to the mucosa. 
Sev(*n days after infection the surface of the mucosa of the abomasum 
was covered with blood coagula and mucus (pi. 1, //). The young, 
fourth-stag(* larvae were found under these coagula next to the mucosa 
but apparently were not attached to it. In 11 and 23 days after infec¬ 
tion, the aspect of the stojnach had changed little exce])t that both the 
larvae and the coagula had increased in size and the quantity of blood 
within the stomach had increased markedly. Profuse hemorrhage w as 
present in the abomasum of lamb 10. 

Pathological observations also w^ere made on lambs 11 and 12, which 
died as a result of infection, and on lamb 18, a control. Plate 1, C\ 
shows lamb 12 a few minutes beiorc death. This lamb, as contrasted 
with control lamb 18 (pi. 1, ^1,) w^as noticeably weak and unable to hold 
up its head or to stand iirmly on its four feet. F shows the paleness 
of the white of the eye of lanib 12, caused by the severe anemia. A 
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normal eye is shown in 1), I shows some of the viscera of lamb 12 at 
autopsy. In contrast to 6?, which shows the organs of control lamb 18, 
the viscera of lamb 12 have a bloodless appearance in spite of the fact 
tliat the lamb was not bled out prior to necropsy. All these illustra¬ 
tions show the severe anemia that is characteristic of 11. contorius 
infection in lambs. 

Plate 1, /?, shows the abomasum of lamb 12 with many hundreds of 
young adult Ilatmorichu^^ contortns attached to the mucosa in the 
pyloric region. This localization of the worms is unusual as they arc 
usually found scattered over the entire mucosa. 

Sections of the stomach, liver, heart, lung, kidney, and spleen of 
Iambs 11 and 12 were sent to the Pathological Division of the Bureau 
of Animal Industry for histological examination. The report on those 
organs indicated some slight degenerative changes in the heart muscle, 
liver, and kidney, which may have occurred post mortem, and some 
pneumonic changes in the lungs, due to causes other than the nematode 
infection. The spleen and stomach, which are of ])articular interest 
in this instance, were described as follows: 

Spleen, ^'here was comparatively little blood remaining in th(5 splenic sinuses, 
and the rather limited quantity of blood throughout the splenic jiulp, as compared 
with the normal, is indicative of anemia of this organ. 

Stomach. 8(‘ctions from the stomach showed extensive sloughing of the mucosa, 
and masses of cellular debris could be seen deposited on the surface of the remain¬ 
ing intact mucosa. There W’as no congestion, and erythrocytes were present only 
in limited numbers. liymphoid cells were present in rather large numbers and 
these cellular elements, together with limited numbers of j)lasma cells and eosino- 
philes, could be seen invading various portions of the mucosa. Slight fibroblastic 
proliferations were also noted in sections. The siibmucosa and muscularis showed 
evidence of edema. Sections of stomach worms were seen in close contact with the 
surface of the mucosa, and a number of the parasites had pemetrated, or burrowed 
beneath the surface and were jiartlv or completely embi'dded in the upper third of 
the mucosa. The stomach lesions [pi. 1. found in lambs 11 and 12. give evidence 
that these parasites are capable o( causing considerable damage to tln^ mucosa, 
particularly when present in large numbers. Such injury is doubtless sufficient 
to cause more or less continuous capillary hemorrhage, resulting eventually in 
extreme anemia and death of the animal. 

These data, iliorofore, support the conclusion suggested by the data 
given previously in this paper that the anemia of //. contortus infection 
in sheep is due to hemorrhage. 

DISCUSSION 

The observations reported in the present paper on the hematology 
of Ilaeniorichus contortus infection in sheep agree in general with the 
findings of other workers. The pathological changes found in the 
abomasum and associated with the infection were similar to those 
described by Veglia (8) and Fourie (4) exetmt for the absence of the 
gross ulcerations described by the latter. The histological examina¬ 
tion of the organs of lambs djring of the infection, however, did not 
disclose the peculiar crystals in the liver described by Fourie, but 
simply gave evidence of the injuries produced by the nematodes in the 
wall of the fourth stomach, of the capillary hemorrhage resulting 
therefrom, and of the extreme anemia. 

The conclusions of other workers concerning the possible direct 
relation between the anemia associated with //. contortus infection in 
sheep and gastric*, hemorrhage have been given added validity by the 




Pathological findings in soine of the experimental lambs: A, Uninfected control 
lamb 18; section of stomach of lamb 12 showing destruction of the mucosa: 
C, lanin 12 shortly before death from stomach worm infection; D, eye of normal 
nmiifected lamb; E, stomach of lamb 12 showing young adult oi Haemonchus 
contortus (dark areas iti lower right portion of photograph) attached to the 
pyloric region ; f, eye of lamb 12, showing paleness of white; G, viscera of unin¬ 
fected control Iamb 18; //. stomach of lamb 14 killed 7 days after infection; 
I, viscera of lamb 12, bloodless in appearance in contrast with normal viscera. 
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results of the analyses for blood in the feces of infected sheep, made 
during the present investigation. The conclusions drawn from this 
work were similar to those arrived at by Wells (9), who calculated that 
in dogs 1,000 hookworms could produce a loss to the host of 360 cc. of 
blood per day, a loss which, if continued, would result in a severe or 
fatal anemia. Foster and Landsberg (S) later came to the conclusion 
that the presence of a toxin was not necessary to account for the 
anemia of hookworm disease in dogs, since the anemia was like that 
associated with chronic hemorrhage. 

SUMMARY 

In a study involving Haemonchun contortus infection in sheep, 19 
crossbred Hampshire-South down lambs 2 to 8 months old were used. 
The work was carried on at the United States Department of Agricul¬ 
ture, Beltsvillc Research Center, Bcltsville, Md., in 1933 and from 
1936 to 1938, inclusive. 

From 2,()()0 to 181,000 infective larvae of H, contortus were adrninis- 
tere^d to lambs in single and multiple doses. Although one dose of 
35,000 larvae undoubtedly would have produced death in lamb 5 liad 
this animal been allowed to die naturally, much larger total doses >vero 
not fatal when administered in small daily doses. This observation 
indicates the development- of resistance to infection in the lambs 
receivirig the multiple doses. 

The data show that //. contortus produced a severe and sometimes 
fatal anemia in sheep. Blood appeared in the feces 6 to 10 days after 
infection. In the two cases which were fatal, blood was present in the 
feces until the death of the animals. In lambs recovering from the 
infectioTj the anemia was negatively correlated with the number of 
worm eggs per gram of feces. In lambs dying before the worms 
matured anemia developed rapidly, but a positive diagnosis of the 
infection was impossible before autopsy owing to the absence of worm 
eggs in the feces. In two of the fatal (*ases, no worm eggs were passed 
in the feces, whereas one of the nonfatal cases had an egg count of 
24,800 eggs per gram of f(‘ces. Accordingly, there was no correlation 
Ix'tween the number of eggs j)er gram of feces and the fatality of the 
infection. 

The quantities of blood lost during a period of 10 days in two of the 
lambs that died were 1,492 and 2,380 cc., or 1.57 and 2.50 times, re¬ 
spectively, the original quantity of blood in the lambs, as calculated 
from the body weight of the animals. These quantities compared 
favorably with the 3,560 cc. of blood taken from the jugular vein of a 
healthy lamb over a period of 15 days, until approximately the same 
degree of anemia had been x>roduced. This volume of blood was about 
2.5 times the original volume of blood in this lamb, as calculated from 
its body weight. That the anemia associated with //. contortus 
infection in sheep was due to gastric hemorrhage alone was further 
indicated bv the normal icteric index, the presence of reticulocytes in 
the blood of the anemic lambs, and the gross pathology and histological 
findings. 

LITERATURE CITED 

(1) Boughton, I. B., and Hardy, W. T. 

1935. STOMACH WORMS (haemonchus contortus) of sheep and goats, 
Tex. Agr. Expt. Sta. Ann. Rpt. (1935) 48: 236-239. 



18 Journal of Agricultural Research voi. (is, No. i 


(2) Eck, P. N, van. 

1924. QUANTITATIKVB BEPALING VAN BLOKD IN FAEC’ES, Phami. Woekhl. 
61: 131H 1325. 

(3) Foster, A. O., and Landsbkrg, J. W. 

1934. THE NATURE AND CAUSE OF HOOKWORM ANEMIA. Aiuef. JoUF. Hv^. 

20: 259 290, illus. 

(4) Fourie, P. J. J. 

1931. THE HAEMATOLOGY AND PATHOLOGY OF HAE\fON(’HOSIS IN SHEEP. 

Union of So. Africa Dopt. Arf. Dir. Vet. Serv. and .\niin. Indus, 
Kpt. 17: 495-572, illus. 

(5) Hodgson, Ernest Eugene. 

1935. THE DEVELOPMENT OF A BLOOD VOLUME FORMULA AND THE TESTING 

OF ITS A(TMTRACY IN DOMESTIC ANIMALS (HORSE, SHEEP, RABBIT, 

PIG). U. S. OflF. Surg. (Ion. Vet. Bui. 29: 205-209. 

(6) MARTtN, C. J., and ('h^nies Boss, I. 

1934. A MINIMAL (’OMPUTATION OF THE AMOUNT OF BLOOD REMOVED DAILY 
BY HAEMONcm s coNToRTus. Jour. Hehniiithol. 12: 137-142. 

(7) Bansom, K. H. 

1906. THE JJFE HISTORY OF THE TWIS'I’EI) WIKEWORM (lIAEMONI’HUs 
(’ONTORTUS) OF SHEEP AND OTHER RUMINANTS. U. S. PuF. 

Aniin. Indus. (1r. 93, 7 piJ.. illus. 

(8) A’egija. Frank. 

1915. THE ANATOMY AND LIFE HISTORY Oh HVEMOMUIIS CONTORTUS 

(rud). Union So. Africa Dept. A^»r. Dir. V'et. Serv. and 
Aniin. Indus. Bpt, 3 and 4: 347-500, illus. 

(9) \Veli.s, Herbert S. 

1931. AN OBSERVATION WUIICH SUGGESTS AN EXPLANAI'ION OF THE ANEMIA 
IN HOOKWORM DISEASE. Scieuce 73: 16-17. 



ARRANGEMENT OF THE TISSUES BY WHICH THE 
COW’S UDDER IS SUSPENDED ‘ 

l^y W* W. SwETT, Benior dairy husbandman^ P. C. Underwood, asBOCiate veieri- 
nanan, C. A. Matthews, assistant dairy husbandmany and R. R. (Iravks, 
chiefy Division of Dairy Cattle Breedingy Fcedingy and Management^ Bureau oj 
Dairy Industry, United States Department of Agriculture 

INTRODUCTION 

The hroken-flowri, pendulous udder is a defect that occurs frequently 
among high-producing dairy cows. There are a number of differeiit 
types of brok<‘n-down udders. Some become detached from the body 
wall, so that the hand can be in.sert(>d between the abdomen and the 
upper surface' of the front quarters. Some become elongated ver¬ 
tically like a sack and have a tendency to swing from side to side as 
the cow walks. In some the median support appears to undergo a 
](‘la.\ation, permitting the floor of the udder to sag and causing the 
t('ats to point outward from the sides of the udder. In others the 
lear attachment appears to become la.x, allowing the udder to swing 
forward, and sometimes causing the rear (juarters to occupy a position 
lower than the front quarteis. Th('s<' arc; the more common types of 
bj-oken-down udders; tlu're are many variations. 

Generally, this breaking down is a condition that occurs with large, 
heavy udders. Usually it becomes progressively more pronounced 
with advance in age. Occasionally it occurs with uddere of moderate 
size and may be pronounced early in life. 

Tlu' brealiing down of udders is frequently attributed to heavy milk 
|)i‘oduction. The physiological function of milk seen'tion has been 
ilevelopt'd by bi’ceding and improved nutrition until it has reached 
amazingly high levels. The range cow produces only enough milk to 
raise her <'alf. The good dairy cow produces in 1 year an amount of 
milk that is e(iuivalent to 8 to 12 times her live w'eight. In some 
cases cows have produced an amount of milk in 1 year that was 
equivalent to 20 titnes their live weight. The combined weight of the 
udder and the milk that it contains is oftet> very gi-eat. 

The broken-down or ja'iidulous udder is objectionable for a number 
of reasons. Such udders are difficult to milk; they are hard to keep 
clean; they interfere with the cow’s locomotion; they are subject to 
friction, trauma, and injuiies from sharp objects; and the teats are 
often injured as a i-esidt of being stepped on by the cow herself or by 
cows in adjoining stalls. Moreover, such udders are unsightly. 
Good-producing cows that have pendulous uddeis have much lower 
sale value than cows with well-attached udders, although little is 
known of the effect of this condition on the. animal’s producing ability. 
In view of the greater liability of the pendulous udder to injury such 
an u(i{lor would appear to be mor<^ subject to mastitis. 

A more compn'hensivc knowledge of the supporting tissues of the 
udder may suggest methods of management that will be helpfvd in 
preventing broken-down uddc'rs; it may suggest points to be consid- 
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ercd in the selection of cows that are less likely to be susceptible to this 
trouble; or it may suggest points to be considered in the selection of 
animals for a breeding program having for its objective the fixing of 
an inheritance for strongly supported udders. With these facts in 
mind a study was undertaken to determine the nature of the struc¬ 
tures that support and maintain the udder in well-balanced suspension. 
The results of the study are presented in this paper. 

REVIEW OF LITERATURE 

A recent tabulation of the weights (after milking) of excised udders 
of cows that were slaughtered by the Bureau of Dairy Industry, in 
connection with its studies of conformation and anatomy in relation 
to producing capacity at Beltsville, Md., gives some idea of th(' size 
of the udder of liigh-producing dairy cows.^ Data were available foi- 
50 lactating Holstehi-Frit^sian cows 4 years of age or over. On an 
average the weight of the udder declined with advance in the stage of 
lactation. The udders of 17 cows that had been milked 3 months or 
less in the current lactation at the time of slaughter averaged 72.98 
pounds; those of 25 that had lactated 6 months or less averaged 65.07 
pounds; those of 35 that had been milked 9 months or less averaged 
58.08 pounds; those of 41 that had been in milk for 12 months or mss 
averaged 55.89 pounds; and the entire group of 50 udders had an 
average empty weight of 52.47 pounds. Among these there was 1 
that weighed 165.65 pounds, which was approximately 11 percint of 
the live weight of the cow; and 2 others that weighed 138.20 and 101.85 
pounds, respectively. 

The results of a number of investigations indicate the weights of 
blood and milk that the udder may carry. 

Swett, Miller, and Graves ^ found that a large proportion of 
the milk obtained at a milking is stored in the udder befoi-e the milk¬ 
ing process is commenced. Thus a heavy-milking cow producing 100 
pounds of milk on twice-a-day milking might have 50 pounds or more 
of milk in the udder before each milking. 

Shaw and Petersen (6*) found that for (‘ach pound of milk secreted, 
nearly 400 pounds of blood passes through the udder. This means 
that for a cow producing 100 pounds of milk daily, the blood passing 
through the udder in that length of time would amount to approxi¬ 
mately 40,000 pounds. The total quantity of blood in the body of a 
lactating cow has been determined {2^ pp. 64-55) to be approximately 
8 percent of the cow^s live weight. This means that the bodies of few 
cows would contain more than 150 pounds of blood. Presumably 
only a small proportion of the total amount of blood would be present 
in the udder at any time. According to Kay (5) the udder in full 
lactation takes about one-quarter of the heart's output of arterial 
blood. 

Thus the total weight of the milk and blood in the udder at any 
time might easily be 50 to 60 pounds, but probably would not exceed 
75 pounds, except in unusual cases. This would mean that the total 
weight of a large, heavy-producing udder, together with its contents, 
might vary between limits of approximately 100 to 250 pounds. In 
view of the great weight of the functioning udder and its contents it is 


* Unpublished data. 

* Italic numbers in parentheses refer to Literature Cited, p. 43. 
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not surprising that in many cases the anatomical structures by which 
the udder is suspended are inadequate to support it in its proper 
position. 

There are some indications that the tendency for the udder to break 
away from its attachments is inherited. It appears to occur with 
higl^i frequency among the daughters of certain sires. 

The weakness may result from poor tonus in the supporting struc¬ 
tures. According to Hammond {4) the formation of pendulous udders 
is the result of excessive', and continued internal pressure produced by 
the accumulated milk in the udder. 

Some believe that a weakness in the support of the udder causes 
faulty circulation wliich tc'iids to produce stasis, edema, fibrosis, and 
an increase in the size and weight of the udder. This in turn would 
further stimulate the breaking-down process and make the abnormali¬ 
ties resulting from faulty circulation even more pronounced. 

wSisson (7, p. 620) describes the suspensory apparatus as follows: 

The maniinary glands, normally two in inimber, are popularly termed the udder. 
They are very much larger than in the mare, and the body of each is somewhat 
ellipsoidal in form, but flatlened transversely. The base of each gland is slightly 
concave and »lo]ies obli((iiely downward and forward in adaptation to the abdomi¬ 
nal w all, to w hich it is all ached by means of a w^ell-developed suspensory appa¬ 
ratus (liig. suspcnsoriuin mammaricum) which extends backward and is attached 
to the symphysis pelvis by means of the strong plate of tendinous tissue (Tendo 
subpelvina). This plate of tissue attaches the prepubic tendon to the ventral 
part of the symphysis. The suspensory apparatus consists essentially of four 
sheets of tissue two of which are well developed and median in position and are 
chiefly yellow^ elastic tissue; the twm glands are separated by this double septum 
w hich at taches to the medial flat surface of each gland. The lateral sheets (con¬ 
taining less elastic tissue), arise from the subpelvic tendon posterior to the udder; 
on reacliing the abdominal floor they diverge and pass laterally to the external 
inguinal ring. They extend dowmwanl over the udder and divide into superficial 
and deep layers: the sui)erficial layer attaches to the skin where it reflects off 
tbe udder to the medial face of the thigh, and the deep layer is thicker and 
attaches to the con\'ex lateral surface of the udder by numerous lamellae which 
pass into the gland. It is in relation posteriorly to the large supramarnmary 
lymph-glands and a quantity of fat. 

Bitting {1) was one of the first in this country to publish results of 
anatomi(*al studies of the suspensory apparatus of the cow^s udder. 
His description was general and included nothing of importance that 
is not covered by that of Sisson (7), except that he emphasized the 
iin})ortance of the strength of the abdominal wall as a factor in 
determining the shape and apparent size of the udder. He states 
(I, /h 39): 

In a COW’ wdth loose abdominal walls, dropping directly down from the pubis, thus 
forcing the udder dowujw^ard and backward, the organ wdll appear to be much 
larger than in one in which the walls are stronger. This sometimes accounts for 
the apparently sudden development of a good udder after the second or third calf. 
The muscles of the abdomen become more relaxed and the udder becomes more 
pendulous. 

An interesting and valuable contribution to the subject was made 
by Emmerson^ who dissected several cow udders and described 
and illustrated many of the supporting structures. Emmerson 
elaborated considerably with regard to the lamellae (plates) which 
are given off by the deep faces of the lateral sheets, and penetrate 
the glandular tissue in a medio ventral (inward and downward) 
direction to become incorporated in the insterstitial framework of 

* EmMERSOJJ. M. a. studies of the macroscopic anatomy of the nOVlNE UDDER AND TEAT. 1928. 
[Unpublished thesis. Copy on file in library of Iowa State Col. of Agr. and Mech. Arts, Ames.] 
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the udder. He also pointed out that the lateral suspensory ligamen¬ 
tous sheets continue to the ventral (lower) border of the gland at 
which point the lamellae anastomose and become continuous with 
those'^of the sheets of elastic tissue which make up the median septum, 
thus fonning a sling or cradlelike structure in which the udder is 
held. Unfortunately the results of Emmerson^s work are not avail¬ 
able in published form. However, his work has been quoted rather 
freely by Turner® and by Espe (5, 9~10). 

There is no question as to the accuracy of Sisson^s brief description 
of the udder’s suspensory structures, or of Emmerson’s elaboration 
concerning them. To the anatomist they arc, without doubt, under¬ 
standable and adequate. However, an amplified description expressed 
in simpler terminology and liberally illustrated should enable the 
research worker, the cattle judge, the dairy farmer, and all others 
interested in daily cattle problems, to visualize and understand more 
clearly the nature of mammary-gland suspension in the cow. 

In evaluating the udder capacity of living cows it would be desirable 
to be able to calculate the volume of the udder. To do this it is 
necessary to have a knowedge of the shape of the dorsal (upper) 
surfac(^ of the udder, and of the curvature and degree of slope of that 
part of the abdominal wall to which the fore udder is attached. It 
has been pointed out by the authors (see p, 9) that the n^ar and front 
quarters of tin*, udder generally produce in the ratio of 3 to 2 (58.2 
percent from the two rear quarters and 41.8 percent fi*om the two 
front quarters), and that a similar ratio existed betw('en the depth 
of the rear and front (|uart(‘rs of the excised udders studied (10.29 
inches for the rear and 6.38 inches for the front). It is well known, 
of course, that the abdominal wall is lower at the anterior at tachment 
of the udder than at more posterior points and that it curves upward 
toward the rear. But the shape of the curve of the abdominal wall 
from front to rear, or from side to side, has not been readily or ac¬ 
curately measured in the living cow. Neither has iho outline of the 
dorsal surface of tlui udder been accurately ascertaiiu'd. 

PLAN OF STUDY 

In order to obtain additional information that might throw light on 
the problems of the broken-down or pendulous udder in heavy- 
producing cows, and also to obtain data that might make it possibl(‘. 
to calculate the volume of udder of the living cow, a plan was outlined 
for studying in detail the structures suspending the udder of a cow 
that was known to be a good producer. Because of the desirability 
of obtaining photographs of dissections of these structures in their 
normal position, the plan called for the work being done with the 
animal in a standing position. This was accomplished by following 
the methods that are later described. 

HISTORY ANJ> CHARACTERISTICS OF CXIW USED 

Holstcin-Friesian cow No. 1216 was selected for this study. She 
was 5 years 10 months of age and had been in milk for 7 months of 
the fourth lactation period when slaughtered. Her live weight, 4 
months before slaughter, was 1,320 pounds. Her production record 
at 3 years 2 months of age was 14,734 pounds of milk and 540 pounds 

* TtTRNER, ChAS. W. the COMPARATIVE ANATOMY OF THE MAMMARY GLANDS WITH SPECIAL REFERENCE 
TO THE UDDER OP CATTLE. 378 pp., illus. Columbia, Mo. 1039. IMimeographod.] Sec pp. 31-37. 
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of butterfat (equivalent to 17,533 pounds of milk and 643 pounds of 
butterfat at maturity). 

The mammary-gland development of cow No. 1216 was slightly 
retarded until she was 2 months of age. From 3 to 5 months of age 
it was normal for the breed, and from 6 to 18 mouths it was definitely 
superior to the breed average. Up to 4 months of age there was a 
tendency for the attachments of the gland tissue to tlie body to be 
inferior. Subsequently, up to 18 months, the attachments were 
superior to the average. However, the attachment of the udder of 
this animal, both as a heifer and as a lactating cow, was poorer at the 
rear than at the front at nearly every examination. This was par¬ 
ticularly noteworthy at the last examination, 3 days before slaughter, 
when she was given grades of 5 and 3+ respectively for front and rear 
attachments of gland tissue, when graded on a 9-point basis, in which 
9 is excellent, 5 average, and 1 extremely poor. The gland tissue 
hung low in the rear quarters before slaughUu- and the separation 
between right and left halves was marked. During lactating life 
the udder was of fair shape and medium or above in size. The weight 
of the udder was not obtainable because of the method employed in 
slaughtering the cow and in preparing her for anatomical study. The 



Fkuire 1." "Cow Xo. 1216, as sho appeared about 1 month before slie was killed. 


udder was of medium quality and not excessivtdy fibrous or meaty. 
It was somewhat inclined to be pendulous although this condition 
was not extreme. 

Stiip-cu[) (»xaininations of the milk showed that this cow had had 
numtu-oiis flare-ups of mastitis of varying severity but of short dura¬ 
tion. Mastitis was noted in all four lactation ])eriods except the 
second. During both the first and third lactation periods all tin' 
quarters of the udder were aflected at one time or another. Swelling 
and edema were noted prior to first calving, but neither was extrem(\ 
All of the edema had disappeared 15 days after calving and nearly all 
of the swelling was gone at the end of the first month. It is considered 
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improbable that either tl)e mastitis or the swelling was of sufficient 
severity or duration to affect the suspensory structures or the attach¬ 
ments of the udder. 

PROCEDURE FOLLOWEI^ 

The method generally employed in preparing large animals for 
dissection was used in this study. Oji the morning of elanuary 25, 
1939, the cow was rendered insensible by the injection of chloral 
hydrate and the subsequent administration of chloroform. She was 
then bled from an incision in the right carotid artery until heart ac’.tion 
ceased, after which some residual blood was drawn by vacuum. Tli(‘ 
carotid art(u*y and otluu* severed blood vessels were tied off, and n 
glass tub(‘, connected by a rubber hose to a tank located at an (de vat ion 
some 12 or 14 feet above the cow, was inserted in the jugular vein and 
tied s(K*urely in position. By this mc'ans the filling of the circulatory 
system of the cow was commenced. A formalin solution of approxi¬ 
mately lO-perccnt stnmgth was used to preserve and harden the tissues. 
Meanwhile a heavy hook was ins(‘rted beneath the sacrum, and two 
smaller ones were ins(n*ted on opposite sides of the skull somewhat 
below and slightly t)osterior to tlie eyes (beneath the cheek bones or 
zygomatic pi-ocesses of the malar bones). By means of ro])es attached 
to these hooks thi‘. cow was hoisted into a standing position. An 
additional support in the form of a timber placed crosswise under the 
floor of the chest aided in holding the midportion of the cow at the 
I)roper height. A stoneboat w^as placed under the cow, the feet and 
legs of the cow w^ero pulled into positions as nearly normal as possible*, 
and each hoof wuxs nailed to the stoneboat. 

With the COW" in this position, wdiich was essentially normal except 
for the outstretched head, the filling of the circulatory system w"as 
continued. Within the first 3 hours about 30 gallons of formalin 
flowed into the*, jugular vein, and an additional 10 gallons was m^arly 
exhausted some 3 hours later. During the course of the fdling tin* 
udder became distended and many of the subcutaneous veins on tin* 
legs and under part of the body stood out prominently. Residual 
milk in the udder commenced to flow^ from the teats, and teat plugs 
were inserted. Incisions made for the supporting hooks were packed 
and scw"ed togetlier to prc'vent (*scape of the formalin, and very little 
was lost. Some formalin w"as poured into the nostril to prevent or 
minimize fermentation in the rumen. Measurements of the circum¬ 
ference of the paunch on January 26 and 27 were 248 cm. and 247 cm., 
respectively. This lack of increase indicated that excessive fermenta¬ 
tion had not occurred. 

On January 27 a photograph w'as made showing the embalmed cow 
wdth all supports in place. The supporting apparatus was removed 
and the cow was again photographed. There was no significant 
change in the position of the cow, which showed that the tissues were 
adequately preserved and hardened to provide ample rigidity. The 
supporting equipment was replaced, however, to keep the embalmed 
body in an unchanged position until dissection was made. Figure 1 
shows the appearance of the living cow about I month before she was 
killed. Figure 2, A, shows the embalmed, hardened cadaver standing, 
with the supporting mechanism and injection tube in position; and 
figure 2, fi, shows the cadaver in the same position unsupported. 

Mention has been made of the comparatively poor rear attachment 
of the udder which occurred in this animal as a calf and during lac- 
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tatiiig life, and which was particularly noteworthy at an examination 
about a month before she was slaughtered. Figure 3, A, shows a rear 
view of the udder of the living cow, and figure 3, B, shows its appear¬ 
ance* after she had been embalmed and hardened in situ. 


Kkiure 2. ~ The embalmed cadaver; Ay With supporting equipment and injecting 
tube in position; By with supporting equipment and tube removed. 

Dissection was coinincuced on January 30. Photographs were 
taken as the work progressed and as one after another of the tissues 
by wliich the udder was suspended were uncovered. The dissecting 
and photographing work was carried on with the embalmed cow 
standing as shown in figure 2, Ay with the hooks attached and the 
hoisting apparatus taut to prevent a change of position. 
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Figure 3.—Rear view of the udder before the death of the cow; R, its appear¬ 
ance after being embalmed. 
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PRESENTATION AND DISCUSSION OF RESULTS 

At this point it may be helpful to list and number in the order found 
the principal parts of the suspensory apparatus of the udder, in order 
tliat they may be identified more easily by referring to the tissui' 
numlxu* in the discussion of the step-by-step dissections by which 
they weie brought to light. The principal parts of the suspensory 
apparatus are as follows: 

Tissue No. 1 .—The skin, which serves in a minor capacity to suspend and 
stabilize the udder. 

Tissue No. — The fine areolar, subcutaneous tissue (superficial fascia), which 
serves as an attachment between the skin and the underlying tissues. 

Tissue No. S .—The cordlike (coarse areolar) tissue, which forms a loose bond 
between the dorsal (u])per) surface of the front quarters of the udder and tlu* 
abdominal wall. 

Tissue No. 4.- The pair of superficial layers of the lateral sheets of ))artly 
elastic tissue (lateral suspensory lineaments), which arise from the subpelvic 
tendon, extend downward and forward over the udder, and reflect off the udder to 
the medial (inncTl face of the thigh. 

Tissue No. /). The pair of d<H^p, somewhat thicker layers of th(' lateral sheets, 
which have the same origii\, extend downward over the udder and virtually 
(Mivelop it, but which, unlike the superficial layers, attach to the convex lateral 
surfaces of the* udder by numerous lamellae (plates) which pass into the gland 
and become continuous with the interstitial framework of the udder. 

7'issue No. 6. The subpelvic tendon. The tendon itself, strictly speakiuc, 
is not a part of the suspensory apparatus of the udder. Nevertheless it plays an 
important role as it gives rise to both the superficial and deep layers of lateral 
sh<*<*ts described abov(\ 

l^'issue No. 7. The two adjacent sheets of heavy yellow elastic tissue, median 
in position, which arise from the abdominal wall, and attach to tin* medial flat 
surfaces of the two glands to form a double septum between them (median sus¬ 
pensory ligament). 

A wi(l(' divorg(MH*(‘ of opinion o.xists with regard to the relative 
importances of these' elilferent parts of the suspensory apparatus. 
Emmerson inelicate'd tliat the meulian septum (tissue No. 7) is 
ce)nsielere*el by me)st authors as the most important, but that Ids own 
eibservatieins Ie*d Idni to conediule that the h'ss elastic lateral suspensory 
sbe>ets (tissues No. 4 anel No, 5) are the clde'f meuins of support and 
t hat the^ mc'dian se'ptum meredy holds the udeler in close proximity 
to the poste'rior (rear) abelominal wall. In this conne'ction he ex- 
plaineel that the' gi-eater ('lastieuty of the she'ots comprising the median 
se'ptum pe'rmits a low’^ering of tlie udde'r anel an outward protrusion 
of the teats wdien the uelder is distended with milk. He attacluMl 
little' importance to the fascia or areolar tissue (tissues No. 2 and No. 
3) and indicated that the chief functions of the skin are to assist in 
the', support of the fore part, of tlie udder and to prevent undue pen¬ 
dulum movement. 

An incision was maele through the skin and subcutaneous tissue 
along the right flank anel forward on the abdominal wall to a point 
some'wdiat anterior to the front attachment of the udder. In this 
manner an area of skin was dropped down exposing about half of 
the lateral surface of the udder and some of the abdominal wall. 
This showed a layer of fi^ne areolar tissue (tissue No. 2) by means of 
which the udder is loosely attached to the akin. It is by nieans of 
such tissue that the skin assists in supporting and stanilizing the 
udder. Figure 4, A, shows the location and the appearance of the 
fine areolar tissue along the line a—er, wdiere the skin is partly separated 


• See reference'clted In footnote 4, 
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Figure 4.— A, Location and appearance of the subcutaneous fine areolar tissue 
(tissue No. 2) where the skin is folded down along the line a — a; B, portion of 
a partly enveloping sheet of fibrous tissue (tissue No. 4) which originally had 
been attached to the muscular tissues of the thigh. The severed edge is shown 
along the line indicated by a. Right hind leg removed. 
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The right hind log was next removed at a point just below the hip 
joint, together with an area of skin extending from the tips of the teats 
upward to the level of the hip joint (thurl) and forward to a point 
somewhat anterior to the front attachment of the udder. This 
revealed more fine areolar tissue (tissue No. 2) and a sheet of fibrous 
partly elastic tissue which was still attached to the abdominal wall 
and which originally had Ix^en attached to the muscular tissues of 
the thigh. A portion of this sheet of tissue (tissue No. 4) was severed 
along the posterior doi*sal (rear upper) surface of the udder, and is 
shown stretched out laterally by mc'ans of forceps attached to a cord 



Kkjcre 5. — Ay PoKterior viow of tho udder showing how it narrows dorsally to 
accommodate tlie thigli; By lateral view with the upper boundary of the gland 
tissue outlined with a stain. Line a~-h~ c shows the line of the abdominal 
wall; b ~dy the U])per boundary of the udder. Note how’ the upper boundary 
of the udder follows the contour of the abdominal wall to a point approximately 
below the brim of the pelvis and then inclines downward toward the rear. 

(fig. 4, B), It will \m noted that this layer of tissue is fairly close 
to th(' mt'dian line at the rear and that it flares out toward the fiont. 
It partly eiiv(4op(»,s tin* udder and serves as an important unit of its 
suspensory apparatus. The line on which the separation was madt' 
is indicated by a. 

A posterior (rear) view of the udder at the same stage of dissection 
(fig. 5, A) shows the contour of the udder and indicates how markedly 
it narrows toward its dorsal (upper) extremity, especially at the rear, 
to provide ample space for the thigh. A lateral (side) view, also at 
the same stage of dissection, shows the approximate upper bounda^ 
of the gland tissue which has been outlined with a staining material 
(fig. 5, B). It will be noted that the upper boundary follows the 
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(‘ontoiir of the abdominal wall to a point almost (Urectly below the 
()iim of the pelvis, which is veiy close to a vertical plane passing 
through the two hip joints, after which, in this ease at least, it inclines 
downward toward the rear. It is likely that in cows hav^ing a firm 
rear attachment of the udd('r, the upper surface of the gland tissue 
posterior to the brim of the pelvis may continue in a more nearly 
liorizontal plain'. 

Figure 6, shows a posterior view of the udder after tln^ renioval 
of both hind legs. The posterior median support consisting of tissues 



FicajRE 6. ‘A, Posterior view of the udder showing? posterior median support at 
a, and indicating the contour of the udder, the angle of abdominal inclination, 
and the relatively small portion of the abdominal wall covered by the udder; 
B, lateral view showing the translucent subpelvic tendon (a) (tissue No. 6) 
which connects the lateral sheets of connective tissue (tissues No. 4 and No. 5) 
that arc attached to the udder at c with the ventral surface of the pelvis. 
Open spaces in the subpelvic tendon are shown at b. 

iU.tached to the subpelvic tendon (tissue No. 6) is indicated by a. 
This view also gives a good idea of the contour of the uddt'r itself, 
i-he angle of ab(lominal inclination, and the relatively small portion 
of the abdominal wall covered by the udder. 

A better idea of the nature of the posterior median support of tlu' 
udder is obtainable from the illustration in figure 6, B, Tliis side view 
shows a closer dissection of the strong subptdvic tendon (tissue No. 6), 
which connects the lateral sheets of connective tissue that are directly 
attached to the udder (tissues No. 4 and No. 5) with the ventral 
(lower) surface of the pelvis (symphysis pelvis). This view, which 
was illuminated from the opposit(i side w^hon photographed, shows 
how the subpelvic tendon becomes increasingly translucent (semi- 
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transparent) as it changes in structure from the mixture of fibrous 
and tendinous tissues at the udder, to a thin tendinous sheet where it 
attaches to the pelvic bone. The subpelvic tendon is not continuous 
but consists of a number of separated points of attachment along th(5 
ventral (tower) ridge of the pelvis. In figure 6, jB, a indicates the 
translucent subpelvic tendon (tissue No. 6), h aiul h indicate the 
intf'Tstices (open spaces) in the tendon, and c shows the point wher(‘ 
the lateral sheets of the uddcT^s suspensory apparatus (tissues No. 4 
and No. 5) arise- from the subpelvic tendon. 

Despite the inferior rear attachment of this udder its position was 
not so far forward as to appear unusual in the living cow. However, 
wh('n the dissection had progressed to the stage illustrated in figure 
6, B, the udder seemcHl to be located surprisingly far to the front 
although actually its position was essentially unchanged. 

For purposes of record a number of mciasurcments wen* made to 
(establish more definitely the size of the udder, the ext(‘nt of its attach¬ 
ment to the abdominal wall, and its position with reference to other 
points in th(^ pelvic region. The following an^ some of the measui’e- 


ments obtained: 

MeasuTcmerU Centimeterft (Inches) 

(1) Distance from a perpendicular through the posterior point of 

the pinbone (ischium) to a vertical, transverse plane through 
the— 

(a) Posterior (rear) extremity of udder (right side)_ 22.0 ( 8.66) 

(b) Most posterior (rear) extremity of abdominal wall 

(it.s junction with the brim of the pelvis)__ __ 38.5 (15.16) 

(c) Anterior (front) extremity of udder (right side) 61.0 (24.02) 

(d) Calculated length of udder .... 39.0 (15.35) 

(2) Createst width of udder at a vertical plane through rear teats. _ 29.5 (11.61) 

(3) (ireatest width of udder at a vertical plane through front 

teats.. _ _ ... _ _ 32.75 (12.89) 

(4) Maximum width of attachment to the abdominal wall._ 24.75 ( 9.74) 

(5) Width of abdominal attachment at a vertical plane through 

front teats_ .. __ _ _ _ , 20.75 ( 8.17) 

(6) Width of abdominal attachment at a vertical plane through 

rear teats. (See dorsal boundary line in fig. 7, B) __ . _ 8.50 ( 3.35) 


Figure 7, Af shows a view in which the deep lateral layer of the 
suspensory apparatus (tissue No. 5) has been partly separated from 
the abdominal wall to show a layer of cordlike tissue lying between 
the dorsal (upper) surface of the udder and the abdominal wall. This 
tissue, whicli apparently provides the means by which most of the 
dorsal surface of the udder is attached to the abdominal wall, is areolar 
in type, very coarse, and loosely bound together. Presumably, in the 
event of (excessive udder weight, or as a result of an inherited weak¬ 
ness or other causes, this tissue might give way and permit a separa¬ 
tion between the udder and the abdominal wall with a characteristic 
breaking aw^ay of the front attachment of the udder. Emmerson’s 
comment regarding the relative lack of importance of these tissues is 
worthy of note. Figuiu* 7, A, a shows the loose cordlike tissue^ (tissue 
No. 3) and h the partly severed deep lateral layer of the enveloping 
suspensory tissue (tissue No. 5). 

The completely severed deep lateral layer of the suspensory tissues 
which attaches to the conve^x lateral surface of the udder and virtually 
eiivfdops it (tissue No. 5) is shown in figure 7, B, A portion of this 
layer below the horizontal incision w’^as dissected away from the 
udder and folded downward along the line h—h (fig. 7, B) in such 

466738—42 - 3 
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FiauKB 7. - yl, The deep lateral layer of enveloping suspensory tissue (tissue No. 
5) partly separated from the abdominal wall at b to show cordlike tissue (a) 
(tissue No. 3) which serves to hold the udder in contact with the abdominal 
wall; B, the deep lateral layer (tissue No. 5) severed at a and folded back along 
the line b — b. 
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a manner as to reveal the two edges, indicated by a, which were 
formed by the incision. As shown in the illustration, this layer con¬ 
sisted of a clearly defined sheet of tough tissue which became con¬ 
tinuous, ventrally (below), with the udder. The cordlike tissue along 
the abdominal wall (tissue No. 3) is shown here also, but less dis¬ 
tinctly than in figure 7, A. It is conceivable that, in cases where the 
loose, cordliko tissue gives way, the enveloping layer of tissue and the 
median elastic support (tissue No. 7) may stretch sufficiently to 
permit a lowering of the udder —especially in front—which would 
thereby become pendulous. 

The deep lateral layer (tissue No. 5) which previously had been 
severed (fig. 7, B) was separated from the udder to a lower level and 
folded downward along the line a-a, shown in figure 8, A, Figure 8, A, 
also shows how the dissection on the right side was carried deeper 
with the removal of a considerable quantity of fat and connective 
tissue, bringing to light the small areas of parenchymatous (secretory) 
tissue shown at 6; the branch of one of the two yellow elastic support¬ 
ing sheets of tissue (tissue No. 7) shown at c, which form the median 
septum of the udder; one of the large arteries where it enters the udder 
as shown at d\ and a large vein on the dorsal (upper) surface of the 
udder at the point where it emerges from the udder as shown at e. 
The subpelvic tendon (tiss\ie No. 6) is still attached (fig. 8, A, f), 

Figure 8, jB, shows the udder from the left at essentially the same 
stage of dissection as in figure 8, A, except that more of the deep, 
lateral enveloping layer of suspensory tissue (tissue No. 5) has been 
removed from the anterior (front) part of tlu^ udder, whereas at the 
rear of the udder a section of it (fig. 8, i?, a) is still intact and attached 
both to th(‘ mammary gland and to the subpelvic tendon. A large 
vein extending along the abdominal wall at the upper surface of the 
udder is clearly visible (fig. S, B, b). 

It seems appropriate at this point to give attention to a matter 
that was not satisfactorily brought out in the gross dissection of th(' 
iiddt'T used in this study. Sisson (7), Emmerson,^ Turner,^ and Espe 
(.?, pp. 9-10) mentioned the lamellae (plates) that are given off by 
the deep faces of the deep lateral sheets (tissue No. 5) which penetrate 
the udder and join with its intraglandular interstitial framework. A 
histological study of sections including the lateral sheet® and the 
glandular tissues immediately beneath shows the manner in which 
the lamellae branch off and extend downward and inward to become 
continuous with the intraglandular tissues (pi. 1, A), This study 
brought out the fact that the sheets comprising the median septum 
(tissue No. 7) also give rise to lamellae which penetrate the glandular 
tissue in a similar manner (pi. 1, B)^ 

It is more difficult to determine to what extent the lateral and 
median sheets fuse at the ventral Gower) border of the gland to form 
a sling or cradlelike structure for its support. This is because of the 
laminated nature of both the lateral and median sheets and the fact 
that numerous branches are given off. A section through an udder 
that was included in routine studies of the Bureau of Dairy Industry 
shows a band of tissue that appears to extend continuously around 


1 See reference cited in footnote 4. 

* See reference cited in footnote 6. ^ 

0 The illustrations shown in plate 1. A and B, were made available through the cooperation of John D. 
Hunt, Division of Nutrition and Physiology, Bureau of Dairy Industry. 
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Figure 8 .—Ay Deeper dissection in which the deep lateral layer (tissue No. 5) 
is folded downward to a lower level revealing small areas of mammary-gland 
tissue (6), a portion of one of the median yellow elastic supporting sheets (c) 
(tissue No. 7), a large artery (d), and a large vein (e); the subpelvic tendon 
(/) (tissue No. 6) is still in position. B, Left side of udder with anterior part 
of deep lateral layer removed but with posterior part (a) still attached to 
udder and subpelvic tendon. A large vein is shown at 6. 
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A, Lamellae (a-a) branching off from the deep lateral sheet (6) (tissue No. 5), 
and extending inward and downward to become continuous with the intra- 
glandular tissues of the udder; B, similar lamellae (a-a) arising from one of 
the sheets (b) (tissue No. 7) which form the median septum; C, a band of tissue 
that appears to make the lateral (a) and median (b) layers (tissues No. 5 and 
No. 7) continuous around the ventral (lower) border of*the gland (c). 









July 1,1942 


Tissues by Which Cm’s Udder Is Suspended 


35 


the ventral (lower) border of the gland from the lateral to the median 
surface (pi. I, C). 

In figure 9, A, the udder is shown with all of the supporting tissues 
removed except a small area of areolar tissue and skin at the anterior 
(front) extremity of the mammary-^land tissue b, and thi*- main por¬ 
tion of the deep medial, yellow elastic tissue a (tissue No. 7) which is 
attached to the abdominal wall above and continues below to form 
the septum between the halves of the udder. Apparently the areolar 
tissue and skin carried little weight. The white strip c between the 
abdominal wall and the dorsal surface of the udder is the result of 
light coming from the opposite side. It shows that all the supporting 
tissue's in this area nad been completely severed. 

In figure 9, B, the udder is shown with all supporting structures 
removed except the main portion of the deep medial yellow elastic 
tissue a (tissue No. 7) that was pointed out in figure 9, A. The length 
(front to rear) of this layer of tissue, as shown, was 16.5 cm. (6.50 
inches) where it attached to the abdominal wall, but was only 11.0 cm. 
(4.3.3 inches) at its shortest point. The great strength and the nearly 
p(‘rf(‘ct location of this median support are noteworthy. The weight 
of the udder, dissectc'd as shown in figure 9, B, with the formalin it 
contained, was 47.0 pounds. Although the left half of the udder 
apparently was heavier than the right—a condition that caused tin* 
udd(*r to list, slightly to one side - its position when suspended from 
the short narrow sheet of median tissue as shown in figure 9, B, was 
o(herwi.s(‘ not significantly changed from its position on the living 
cow. Measurements of the height of the tips of tin*, i-ear and front 
teats were made from time to time as the dissection progressed. The 
iK'ights measured at midafternoon on January 30, at the conclusion 
of the dissection shown in figure 6, B, were 37.5 cm. (14.76 inches) for 
the rear t(‘ats and 40.3 cm. (15.87 inches) for the front teats. Up to 
this time no settling or significant change in the position of the udder 
was apparent. After overnight suspension following the dissection 
shown in figure 6, B, the heights were 37.2 cm. (14.65 inches) and 39.7 
cm. (15.63 inches), respectively, for rear and front teats. With the 
udder supported as shown in figure 9, A, the coircsponding heights 
were 36.6 cm. (14.41 inche.s) and 39.5 cm. (15.55 inches) respectively, 
and after all of the supporting structures except the main portion of 
the medial yellow elastic septum had been severed (fig. 9, B) tin* 
heights were 36.3 cm. (14.29 inches) and 39.5 cm. (15.55 inches) for 
rear and front teats. These measurements indicate a total settling of 
only 1.2 cm. (0.47 inch) for the rear of the udder and only 0.8 cm. 
(0.31 inch) for the front since midafternoon of the previous day during 
which time all except one of the main supports of the udder had been 
removed. Obviously the median elastic tissue not only possessed great 
tensile strength, but it was so nearly perfectly located above the 
anteroposterior center of gravity that the udder was in almost a 
perfectly balanced suspension, when all other structures had been 
removed. 

The results observed in this c.xperiment appear to indicate that the 
medial septum is the principal structure by which the udder is sus- 
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pended. No other experiments were conducted to determine to what 
extent the other membranes could have supported the udder in posi¬ 
tion. It is of interest to note that the medial septum was attached 
to the a])dominal wall but apparently not directly to any bony 
structure. 

A rear and somewhat superior view of the udder at the same stage 
of disse(ition (fig. 10, A) indicates the narrowness of the main portion 
of the double sheet of medial tissue (tissue No. 7) shown in figure 9, B, 
which furnishes one of the chief supports of the udder and forms the 
septum that separates the, two halves. The somewhat wider and 
heavier left half of the udder and the resulting swing of the entire 
organ to the right arc clearly indicated. 

At this point the right half of the udder was removed by means of a 
longitudinal incision that was carried as close as possible to the right 
of the median septum. Figure 10, B, shows the surface from which 
the right half of the udder was removed. It indicates the manner in 
which the supporting medial tissue (tissue No. 7) a spreads out in a 
lan-shap(^d manner to form a septum that reaches and attaches to 
nearly all parts of the medial flat surface of the gland. Apparently 
the fan-shaped distribution of this septum provides maximum support 
to the udder and accounts for its almost perfectly balanced suspension. 

Figure 11, A, is a rear view that shows the shape and the appearance 
of the abdominal wall after the medial support of the udder was 
se.vered along the line a — a. In this view b shows a severed abdominal 
^•ein (“milk vein”), c is one of the ventral (lower) points of the 
symphysis pelvis to which the subpelvic tendinous support of the 
udder was attached, and d and d are the front legs of the cow. 

Figure 11, is a lal eral view of the abdominal wall at the same 
stage of dissection. It shows both the angle of inclination and the 
degree of curvature of the abdominal wall from the point at b, where 
the anterior (front) ('xtremity of the udder had been attached, to the 
pubis at c (anterior part of pelvic floor). In this view a point of the 
symphysis pelvis (under median surface of pelvis) is shown at d, and 
the tendinous stump which formed the point of attachment for the 
median support of the udder is again indicated by a. 

In addition to the photographs shown in figure 11a number of 
measurements w'cre taken to show' the shape and position of the 
abdominal wall in the area w'here the udder had been attached. This 
study of the shajje of the abdominal wall in relation to that of the 
dorsal (upper) surface of the udder was undertaken for the purpose of 
providing, if possible, some means of estimating the hidden boundaries 
of the udder and thereby of calculating udder volume in the living 
animal. The measurements were made with the embalmed cadaver 
still supported in the position shown in figure 2, A, with the udder 
and extraneous tissues dissected away as shown in figure 11. The 
measxu-emcuits consisted of (1) horizontal distances from a per¬ 
pendicular transverse plane located at the posterior extremity of the 
pinbone (ischium) to specified, previously located points; and (2) 
heights of tiu* same points above the surface (of the stoneboat) to 
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Figure 10.—^1, Rear view of the udder from slightly above, showing the narrow¬ 
ness of the main part of the medial yellow elastic tissue (a) which is capable 
in itself of supporting the udder without material change of position; By surface 
from wliich the right half of the udder has been separated to illustrate tlu' 
fan-shaped attachment (a) of the septum to the medial surface of the udder. 




July 1 ,1942 Tissues by Which Cow's Udder Is Suspended 39 



Figure 11.-- Hear view of the abdominal wall after removal of udder: a —a, The 

line where medial septum was severed; h, a milk vein; e, one of the points at 
which the subpelvic tendon was attached to the pelvis; d, the front legs. B, 
Lateral view of the abdominal wall: 5, The anterior point of attachment of the 
udder; c, the approximate location of the brim of the pelvis; d, the symphysis 
pelvis; and a-a, the tendinous stump of the medial yellow elastic supporting 
septum. Note that this medial septum was attached to the abdominal wall 
and not directly to any bony structure. 
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which the cow^s fc(»t were attached. The measurements obtained 
were as follows: 

JSJeasurement Centimeters (Inches) 

(1) Anteroposterior length on the ineUian line from a vertical 
transverse plane at the posterior extremity of the pinbone 
(ischium) to the intersection of the abdominal wall and a 


vertical transverse plane through— 

The navel_ _ - _ - _ _ _. 88. 50 (34. 84) 

The anterior attachment (»f the udder__ _ 62.00 (24.41) 

A front teat (right)_ - . _ . » _ 49.50 (19.49) 

A rear teat (right) . _ _ _ ,. . 35. 75 (14. 07) 

(2) Height of the abdominal wall at the median line, above the 
surface to which the feet had been attached (stoneboat), in 
a vertical transverse plane through— 

The navel_ . _ . . . 56.00 (22.05) 

The anterior attachment of the udder__ _ _ , _ 62. 75 (24. 70) 

A front teat (right)_ _ _ .73.75 (29.04) 

A rear l,eat (right)_ . . ..._ 92. 00 (36. 22) 


From these m(»asuremeiits the medial anteroposterior (front to rear) 
curvature of the abdominal wall was plotted. The plotted curve is 
shown in Figure 12, Ay in which the lim‘ o —x represents the vertical 
transve^rse plane at the posterior (rear) extremity of the pinbone; 
o —?/, the surface to which the cow’s feet were attached (stoneboat); 
a, the navel; 6, the anterior attachment of the udder; c, a vertical 
transverse plane through the front teats; and (f, a vertical transverse 
plane through the rear teats. The distances from o—x and o~i/ to 
the points a, 6, c, and d. are shown in the graph. 

By the use of special apparatus three contours W(T(» drawn (fig. 
12, .fi) to show the trailsv(Tse curvature of the abdominal wall at the* 
vertical transverse planes passing through th(‘ navel (a), the anterioj 
attachment of the udder (6), and a front teat (c). Plane d int(‘rs(K‘t(Hi 
the abdominal wall at a f)oint too close to its junction with th(‘ pedvis 
to permit making a significant contour. 

SUMMARY AND CONCLUSIONS 

This study lias made it possible to visualize and to illustrate tli(» 
position and appearance of the principal structures by wliich the cow’s 
udder is suspended. The fine areolar subcutaneous tissue by means of 
which the skin covering the udd('r is uttacluHl to the underlying 
tissues; the cordlike coarse areolar tissue which forms a loose connec¬ 
tion between the upper surface of the front quarters of the udder and 
the abdominal wall; the supcuheial lateral sheets which arise from the 
subpelvic tendon, extend downward over the udder and attach to the 
thigh; the deep lateral sheets that have a similar origin but which 
virtually envelop the udder and attach directly to its outer surfaces 
by numerous plates that pass into the gland; the subpelvic tendon 
itself, from which the superficial and deep lat(u*al layers arise; and 
the heavy yellow elastic sheets which arise from the abdominal wall, 
form a fan-shaped s(»ptum between the two halves of the udder, and 
serve as its chief median support and stabilizer, are all clearly shown 
in the illustrations that accompany the discussion. 

Fleshy udders, udders that become edematous, and the udders of 
high-producing cows oftem become excessively large and heavy— 
particularly with advance in age- and overtax tlie structures by which 
they are suspended from the body. It is not difficult to imagine how, 
in these very large U(ldei*s, any or all of the various sheets of supporting 
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tissues might become lax and stretch, and how the areolar tissue 
might puli apart in cases where any of the other tissues lose their 
normal tonus. It is likely also that a w(‘akness in the suspensory 

X 



Figure 12. — Ay Curve constructed from measurements to show the medial 
anteroposterior (front to rear) curvature of the abdominal wall from the 
navel (a) to the brim of the pelvis (d); measurements show distances from the 
floor and from the j^crpendicular at the rear of the pinbone (see text), ii, The 
transverse curvature of the abdominal wall: a, At the navel; ft, at the anterior 
(front) attachment of the udder; and c, directly above the front teats. 


apparatus might occur as a result of inheritance or of a generally poor 
physical condition, and bring about a similar ‘^brcitking dowiF’ in 
udders that havr?. not become excessively enlarged by fleshiness, 
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edema, or high production. The occurrence of poorly supported 
udders in young coWs—sometimes early in first lactation—is an 
indication tnat such is the case. 

The great tensile strength of the median elastic support of the 
udder (tissue No. 7), and its almost perfect location above its center 
of gravity are particularly noteworthy. In the case studied the main 
portion of tliis median support, which was loss than 4K inches long 
(front to rear) at one point, and had only a 6}^-inch attachment to 
the abdominal wall, w^as capable in itself of holding the udder in an 
almost perfectly balanced suspension. Undoubtedly its fan-shaped 
attachment to the medial faces of each half of the udder accounted 
largely for the balance of the udder. 

It probably is this median supporting tissue that becomes exces¬ 
sively relaxed in cases w^here the udder sags along the median line 
and the teats point outward laterally. It is likely also that a lack of 
tonus in the lateral sheets of supporting tissue (tissues No. 4 and No. 
5), together with a separation of the fibers of the areolar tissues 
(tissues No. 2 and No. 3), may cause the udder to break down on the 
sid(‘s (front, rear, or both) with tlu' result that the active support 
becomes very narrow and appears to be almost entirely median. 

The dorsal (upper) surface of the udder does not, as has sometimes 
l)eon supposed, follow a continuous curve from its anterior to its 
post('rior attachments. It appeal's to follow quite closely the curve 
of the abdominal wall tow'ard the rear to a point approximately under 
the brim (front) of the pelvis, but subsequently it carries out in a 
generally liorizontal plane or may incline downward. In the case 
of the COW" studied the dorsal surface of the udder posterior to the 
brim of the pelvis inclined rather definitely downward toward the 
jH^ar. In this connection the poor rear attachment of the udder in 
this animal both as a calf and as a cow’^ is again pointed out. 

It is notewrorthy that in the cow^ dissected the junction of the 
abdominal wall and the pubis—almost directly below’ the acetabulum 
(hip joint) —w"as located superiorly (above) ami essentially in a vertical 
transv(»rsc plains passing through the rear teats. Presumably the 
relative location of the teats with reference to these points wull vary 
with individual cows, depending largely on the shape and position 
of the udder. 

The study of this cow'^ emphasized the fact that the area of contact 
between the dorsal surface of the udder and the abdominal wall was 
very much smaller than the area of a horizontal transverse section 
through the udder. 

Owing to the fact that the dorsal (upper) surface of the udder does 
not attach directly to the abdominal w"all, or coincide', with it in shape, 
posterior (to the rear) to a plane approximately at the midpoint of 
the udder, it is doubtful whether the curvature of the abdominal w^all 
can be used as a relial)le guide in estimating the size or volume of the 
udder in the living cow. The difficulty in making an accurate estimate 
of udder volume is complicated also by the fact that the dorsal (upper) 
contour of the udder is dc^pendent to a very great extent on the quality 
and nature of its s\ispcnsory apparatus, which appears to vary 
greatly in individual animals. Moreover, such an estimate is likely 
to be inaccurate on account of the possibility that laxity in the 
abdominal muscles may alter the shape and position of the udder. 

This study, by illustrating the form and nature of the apparatus by 
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which the udder is attached to the cow^s body, should make possible 
a better understanding of the conditions that may exist and of the 
anatomical changes that may have taken place, as a result of an udder 
becoming ^Miroken down*’ and pendulous. If, as it appears, an in¬ 
herited weakness in the suspensory tissues, and excessive weight of 
the udder and its contents are two of the chief factors contributing 
to the breaking down of the udder, the selection of breeding stock 
that are known to have an inheritance for well attached udders, and 
more frequent milking of heavy producing cows, should be effective 
as preventive and remedial measures. 

LITERATURE CITED 

(1) Bitting, A. W. 

1900. THE MAMMARY GLAND. Iiid. Agr. Kxpt. Sta. 12th Ann. Rpt. 
(1898 -99), pp. 36-43, illus. 

(2) Dltkes, H. II. 

1937. THE PHYSIOLOGY OF DOMESTIC ANIMALS. Ed. 4, 695 pp., illuS. 

Ithaca, N. Y. 

(3) Espe, Dwight L. 

1938. SECRETION OF MILK. 265 pp., illus. Ahips, lowa. 

(4) Hammond, John. 

1936. the physiology of milk and butterpat secretion. Vet. Rec. 
48: pp. 519-527, illus. 

(5) Kay, H. D. 

1939. mammary activity. Sci. Prog. 33: 476- 492. 

(6) Shaw, J. (\, and Petersen, W. E. 

1938. THE ratio of arterio-venous differences of certain sub¬ 
stances TO quantities secreted by the mammary gland. 
Airipr. Physiol. 8oc. Proc. 123: 183. 

(7) Sisson, Septimus. 

1938. THE anatomy of the domestic animals. Ed. 3, rev. by J. D. 
Grossman. 972 pp., illus. Philadelphia and London. 

(8) SwETT, W. W., Miller, Fred and Graves, R. R. 

1932. quantity of milk obtained from amputated cow udders. 
Jour, Agr. Res. 45: 385-400, illus. 

(9) Fnited States Bureau of Dairy Industry. 

1938. BREEDING, FEEDING, AND MANAGEMENT INVESTIGATIONS. Rpt. of 

the Chief of the Bur. of Dairy Indus., F. S. Dept. Agr., 1938, 
pp. 6-19. 




A MICRURGICAL STUDY OF CROWN GALL INFECTION 

IN TOMATO* 

By E. M. Hildebrand 

Assistant professor of plant pathology^ New York (Cornell) Agricultural Experiment 

Station 


INTRODUCTION 

This paper is concerned with micrurgical studies on crown gall 
infection in tomato {LyeoperKicon esculentum Mill.), with emphasis on 
the relation of inoculation technique, to infection. Despite a volu¬ 
minous literature on crown gall {11),^ little is known of tin? quantitative 
aspect of the infection mechanism, particularly the limits in wound 
size and in bacterial numbers that govern infection. 

LITERATURE REVIEW 

Levine (-9) studied the effect of inoculating tobacco plants with 
various quantities of different dilutions of the crown gall organism 
{Phytomonas tumejaciens (Sm. and Town.) Bergey et al.). He used 
suspensions ranging from ordinary agar culture washings to dilutions 
of 1:100, but h(' found no marked difference in the size of the galls 
l■cs^dting from any of the preparations. Manifestly, however, even 
in th(> 1:100 dilution, the number of bacterial cells must have been 
in the thousands. The results of this work emphasize the limitations 
of the dilution method and the indispensability of micrurgical or 
micromanipulativc technique in studies involving small numbere of 
micro-organisms. 

In phytopathology, whih* tin* most e.xtensive application of mi- 
crurgy has been in connection with the isolation of single c«*lls to obtain 
pure cultures (4, 6'), other applications have involved pathological 
studies of bacterial, virus, and fungus diseases (/, 5, 7, 8, 10, 12, IS, 
14 ). Hildebrand (5) was the first to demonstrate that a single bac¬ 
terium is capable of inducing disease in plants. 

In animal pathology, although there are reports that as few as one 
individual tuberculosis germ can produce infection, Webb, Williams, 
and Barber (17) induced tuberculosis in a guinea pig by subcutaneous 
inoculation with a minimum of 20 tubercle bacilli. They refer to work 
by Wyssokowicz in which he reported that 8 tubercle bacilli W'ere able 
to set up an infection in the peritoneal cavity of the guinea pig and 
that 24 to 30 bacilli were required in the rabbit. They also report 
that on 4 different occasions 1 thread (3 to 6 bacilli), isolated directly 
from the blood of a mouse dying from anthrax, caused death when 
inoculated into healthy miee. 


> Rpcoived for publication November 1,1941. The work reported here was l)eRun in 1939 at the Rocke¬ 
feller Institute for Medical Research, Prinevton, N. J., during tenure by the writer of a Guggenheim fellow¬ 
ship. The writer was on sabbatical leave from Cornell University in 1939-40, and the work was later com¬ 
pleted at Cornell. All the diagrams were jirepared by Mrs. D. W. Thomas. 

> Italic numbers in parentheses refer to Literature Cited, p. 58. 
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Thoni and Thaysen (15), employing between 10 and 343 tubercle 
bacilli per inoculation dose, were able to get infection in guinea pigs 
in but 1 instance, with 71 cells. Although the results of these investi¬ 
gators seem to contradict those of earlier work, it should be mentioned 
that they used Burri’s (S) india-ink method, which because of optical 
difficulties has rarely been used for isolating bacteria, whereas the 
method of Barber (I), employed with some modifications by Webb, 
Williams, and Barber (17), remains even today perhaps the most 
reliable and widely used ti^chnique for isolating single micro-organisms 
(^). 

In 1926 Wamoscher (16) conclusively demonstrated for the first 
time the infi'ctivity of single pneumococcus cells in mice, when 5 
out of 21, or 23.8 percent, of the mice that received single cells died 
from the disease. He obtained a maximum infectivity of 83.3 per¬ 
cent death, with dosages consisting of 11 to 20 bacterial cells per 
mouse. In making isolations of single ccdls from blood he used a 
Peterfi micronianipulator and dark-field condcuiscT. For inoculation 
the pipette was introduced into a wound in the skin and the tij) was 
broken ofl‘ underneath the skin surface with a tweozcu*. 

The present papei*, an abstract of which has already b(‘en pub¬ 
lished (8), r(‘ports the r(*sults of micrurgical studies with tin* crown 
gall organism and atternps to evaluate the significance of wound 
size and bacterial population in the infection mechanism. 

MATERIALS AND METHODS 

Bonny Best tomato plants selected for size and uniformity (about 
0 inches tall) wer(» used in all experiments. 

Sev(*ral crown gall cultures were used but the chief relianc(‘ was 
placed on the! peach strain of N. A. Brown, obtaiiK^l from Dr. A. C. 
Braun of the Rockefeller Institute. Highly motile young cultures 
grown in nutrient media for 9 to 15 hours w(‘re ordinarily (‘mploycnl. 

The micrurgical apparatus consist(xl of a double Chambers micro- 
manipulator and accessories (6*) in modified arrangement for isolation 
of the bacteria under one microscoj)c and their immediate transf(M‘ 
to the inf(*ction court of a plant under a second microscope. Inocu¬ 
lation was accomplished (utluT by a simple shift of th(^ micromanii)u- 
lator from one microscopes to the other or by removal of tins pipett(‘ 
(containing the inoculum from the holder and manipulating it in the 
hand during inoculation. 

Siugle-c(dl isolation was accomplished with th(‘ method (hsscribcsd 
by the writ('r (6), By this method oms or any desired number of 
young motile cells could be isolated in preparation for transfer to 
infection courts. 

The smallest wounds tc^sted as infection courts were made into 
individual living c(41s in the intact tomato plant with a pipette having 
a, tip diameter of about 3 /x (figure 1). The basal c(dls in the trichomes 
or large hairs and the largest epidermal cells adjoining the basal cells 
of the trichomes on the petiole or stem surface of the tomato were 
chiefly employed. India ink and olive oil also were injected into 
living plant cells to check the value of the technique as a means for 
introducing materials. 

The nt'xt larger size of wound tested as an infection court was 
produced by gently stroking the tomato stems once with the side of 
a polished dissecting needle previously dipped into a bacterial sus- 
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pension (figure 3,-4). By this means the trichomes as well as the 
smaller glandular hairs in the rubbed strip were crushed and small 
wounds produced both on the hairs themselves and where they joined 
the epidermis underneath. This operation was performed under a 
binocular dissectmg microscope. The injuries produced appeared 
to be limited to one or a small number of cells at the base of the hairs. 
Stems stroked but not inoculated later showed superficial light- 
colored scars where the hairs had been removed, indicating the very 
limited character of the injuric's. 

This method of inoculation was chosen only after nine different ways 
of producing tiny wounds in individual plant cells or in very small 
numbers of plant cells on the stem surface had been tried. These 



Figure 1.—A rnicroinjection pipette inserted into the basal trichome cell on a 

tomato stem. X 50. 


methods of wounding, tested on material under the microscope, were 
as follows: (1) pinching off the tips of trichome hairs approximately 
2 cells away from their basal stem attachment with tweezers that 
had previously been dipped in a bacterial suspension; (2) pinching off 
trichomes back to 1 cell away from the stem attachment; (3) removal 
of trichome hairs with a tiny razor so as not to injure the neighboring 
basal cells; (4) pulling off trichome hairs with square-tipped tweezers, 
which often resulted in injury to 1 or more of the neighboring cells; 
(5) gently stroking the tomato stem with the side of a polished dis¬ 
secting needle; (6) more vigorous stroking of the needle on the stem 
surface so as to cause collapse of hairs and injury to epidermal cells 
underneath; (7) making very shallow wounds by puncturing the 
epidermis with a small dissecting needle to the depth of 2 to 4 cells; 
(8) using a similar needle for puncturing the epidermis to a depth of 5 
to 8 cells; and (9) using a similar needle for puncturing to a depth of 
10 cells or more. 
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In preliminary tests of methods 1 ta-6-the wounding instrument was 
always dipped in a baeterial suspension so'that the amount of inoculum 
applied was not controlled, although the number of bacteria that got 
into the microscopic wounds was undoubtedly very small. 

Wounding large hairs by methods 1, 2, and 3, always gave negative 
results, which supports the findings of earlier tests in which individual 
cells of tri(diome hairs were injected with bacterial suspensions. 
Occasional tiny galls resulted in fiom less than 1 to 10 percent of the 
trials in wound types 4, 5, and 6, with greatest incidence in 6, when* 
most injury was produced. 

Wound types 7, 8, and 9 resulted in gall formation in a relatively 
higher percentage of cases, apparently because these wounds were 
larger than the minimal size necessary for infection as represented in 
wound types 4, 5, and 6. 

Deep wounds, to depths of approximately one-fourth, one-half, and 
completely through the stem, produced under the microscope, were* 
tested as infection courts for different amounts of inoculum. The 
side of the stems r(*ceiving such wounds, as well as those of types 7,8, 
and 9, were stroked previously with a smooth needle so as to remov(‘ 
the pubescence, an obstruction which interfered with working on 
shallow needle-puncture wounds. Following the withdrawal of the 
needle from both the shallow and deep needle-puncture wounds, sterile 
juice extract was added from a pipette to provide a protruding mtuiis- 
cus to the wound cavity for facilitating the transfer of inoculum. 
Immediately after inoculation the plants were placed in a moist 
chamber for approximately 1 hour to retard the drying of the wound 
and to allow for penetration by the bacteria. 

Sterile juice extract for the purpose indicatcnl and for testing as a 
gi*owth medium was prepared from the foliag(‘ of young, rapidly 
growing plants. The material was gi’ound in a food chopper, extract ed 
through cloth, centrifuged, filtered through a bacteria-proof filter, and 
then used immediately or stored in a refrigerator until used. 

EXPERIMENTAL RESULTS 

GROWTH MEDIA 
Juice Extract From Tomato 

Sterile juice extract prepared from the stems and leaves of young 
tomato plants was found to be an excellent medium for culturing 
single cells of the crown gall organism. Approximately 90 percent 
of the single cells grew in microculture when transferred to small 
droplets of the extract of three* different preparations of sterile juice. 
The isolation technique earlier described by the writer (6) was used. 
Three such experiments were conducted which involved the transfer 
of 9, 11, and 10 active young (10 to 15 hours old) single bacterial cells 
to as many microdroplets, of which 8, 10, and 10 grew. 

The fact that single cells of the crown gall organism grew and 
multiplied readily in the juice extract from tomato plants indicated 
that individual bacterial cells should be able to gi’ow also in the plant 
sap contained in wound cavities of the tomato and possibly even 
within ihdividual plant cell^ if such an environment should prove to be 
congenial and a suitable inoculation technique could be developed. 
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Wound Hap 

Proof that single cells of the crown gall organism had multiplied in 
the sap in wound cavities were demonstrated by isolation experiments. 
Five days after deep wounds had been inoculated with single bacterial 
cells, and before visible evidence of gall formation, wound tissue 
was dissected from 20 plants, crushed in distilled water in Petri dishes, 
and poured with nutrient dextrose agar. Seven days later bacterial 
colonies like those produced by the crown gall organism were noted 
on 6 plates. In 1 plate there were about 50 colonies, but in the other 
5 the colonies were too numerous to count and were estimated to be 
in the thousands. Representative colonies were inoculated into tomato 
plants with positive results, leaving no doubt as to the identity of the 
organism. 

As an outgrowth of these preliminary experiments the author 
set out to discover, if possible, (1) the smallest size of wound that could 
be used for infecting tomato plants, (2) the smallest number of crown 
gall bacteria that would produce infection, and (3) the relative influ¬ 
ence of number of bacteria in the inoculum and size of wound on the 
ultimate size of the galls. 

SMALLEST SIZE OF WOUND REQUIRED FOR INFECTION 
MlCUOlNJECllON INTO INDIVIDUAL PlANT CeLLS 

One hundred and fifty individual plant cells (120 trichome hair cells 
and 30 epidermal cells) were inoculated by injection with a bacterial 
suspension (table 1). The micropipettc used for inoculation was 
introduced into the plant cells under the control of a micromanipulator 
(fig. 1). When th(^ cell wall was perforated with the pipette tip a 
hemispherical droplet of protoplasm gushed out and then quickly 
returned into the cell. At the precise moment that the latter process 


'Fadle 1. Sununary of mjection experiments mvolving various types of wounds 

and amounts of inoculum 


Kind of ^ouud 


Tool used 


Micro wound (3 m ±) - 

Microwounds (injury to 
1 or more epidermal 
cells). 


M icropi- 
pettc 
Polished 
needle. 


Shallow wounds (2-4 ctdis, 
5-8 cells, and 10-12 cells 
tleep) groupi'd >. 



Deep wounds (one-fourth 
through, one-half through, 
and entirely through 
stem) grou|)ed*. 


.do . 


Bac¬ 
teria 
usi*d as 
inocu¬ 
lum 

ExiH*n- 

menis 

Plant cells 
or stems in¬ 
oculated 

Crown galls induced 

Range 
in ra¬ 
dial ex¬ 
tension 

Num¬ 

ber 

Per¬ 

cent¬ 

age 

Range 

betwcim 

experi¬ 

ments 







Millu 

Nmnher 

\umbn 

Number 



Percent 

metere 

Many 

10 

150 cells 

0 

» 0 



Many 

10 

600 stems_ 

Many 

*5.0 


1-2 

if 1 

10 

102 stems .. 

10 

10.0 

0-25 

I 

2 

U 

80 stems.. 

8 

10 0 

1 

1 

5 

9 

72 stems . j 

10 

14 0 

} 6-30 

^ 1-7 

10 

9 

90 stems.. 

18 

20 0 

1 

1 

l50-l(X) 

5 

43 stems . 

9 

21.0 

10-30 

1 

f 1 

4 

40 stems 

13 

32 0 

10-00 


2 

4 

40 sUmis .. 

12 

30 0 

1 


i •’» 

4 

40 stems. 

18 

45.0 

\ 20-90 

10-00 

10 

4 

40 stoms- 

20 

66 0 

1 


l.’iD-lOO 

4 

40 stems .. 

39 

97 5 

90-100 



> Viable bacteria i8olate<l from only 1 out of 20 tested for survival in inoculated trichome hairs. 

* Estimated jiercentage of tiny wounds infected. 

® The different depths of wounds were grouped together because in failing to control the depth of pene¬ 
tration of the inoculum into the wound by the technique used wound depth lacked signihcance. 
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took place increased pressure was put on the pipette contents so as to 
expel a quantity of the bacterial suspension into the plant cell. Almost 
immediately after the withdrawal of the pipette what appeared to be a 
protoplasmic plug filled the wound opening and effectively protected 
the cell from loss through evaporation. A droplet of india ink was 
placed on the stem surface adjacent to the inoculated trichome to 
facilitate its location afterward. Such inoculated cells appeared not 
to b6 injured and practically always remained alive, as judged by the 
fact that protoplasmic streaming continued after the operation. 
In a few instances particles resembling bacteria could be seen moving 
in the protoplasmic stream within trichome cells in much the same 
fashion as do india-ink particles when injected into similar cells. 

Not a single instance of gall formation was found in these tests 
when final observations were made (fig. 2), and 3 weeks after inocula- 





FinuRE 2. — Microinjection of individual trichome cells of tomato with crown 
gall bacteria: yl, Many bacterial cells being injected into arj individual cell 
(trichome or epidermal); B, at the end of 3 weeks no galls have resulted from 
the injection and no viable bacteria have been recovered. 

tion, many of the trichome cells were still finiclioning normally. To 
account for these results several explanations are possible: (1) Wounds 
approximately 3/x in size may be too small to permit infection if it 
be assumed that a certain minimum quantity of wound hormoite is 
essential for gall formation; (2) the intracellular environment may 
not be a favorable medium for these bacteria; (3) the injected bacteria 
that survived may have been too few or the period of survival too 
short for stimulating gall formation; or multiplication of bacterial 
cells, which apparently did not 0 (^cur, may be essential for gall for¬ 
mation. 

Isolations From Inoculated Trichomes 

Three weeks after inoculation, virulent crown gall bacteria were 
recovered from injected trichomes in but 1 case of 20 cultured. The 
isolations were attempted from 7, 6, and 7 living trichomes from 3 
senarate inoculation experiments and the crown gall organism was 
cultured from but 1 trichome in the first series. The hairs were 
removed by means of a tiny razor soldered to a needle and crushed 
in a droplet of broth on the inside of a test tube before washing into 
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a small quantity of sterile broth at the bottom. The interval of 3 
weeks was thought to be sufficient for eliminating chance organisms 
left outside the wound opening in the inoculation operation. How¬ 
ever, the single positive case may be the exception to the rule. Since 
bacteria were isolated in only 1 instance in 20 attempts it would seem 
that, the intracellular environment was not a favorable medium for 
survival. 

Tiny Galls Produced at Tiny Stem Wounds 

The smallest wounds in which infection ocicurred were produced 
by gently stroking the stems and petioles of tomato plants with a 
smooth polished nee^dle previously moistened in a bacterial suspension 
of the crown-gall organism (fig. 3). 

Within 5 days after inoculation tiny galls began to appear in close 
proximity to collapsed hairs and apparently arose from wounds 
involving one to several epidermal cells. The galls ranged from 
microscopic size to about 1 mm. in radial extension. Maximum size 
was reached within about 3 weeks, and forcing the plants by fertiliza¬ 
tion and planting in deep soil failed to materially increase the size 
of the galls even after 3 months. 

It was estimated that less than 5 percent of the plant c.ells injured 
in this experini(‘nt became infected. The extent of the injuries 
d(‘pended on llie pr(\ssure used in stroking and the number of times 
the needh^ was passed over a given point. The rubbing operation 
simultaneously applied a film of bacterial suspension and caused the 
extrusion of wound sap because of the pressure applied. As soon as 



Figure 3.— Rubbing technique of inoculation: A, A needle dipped in bacterial 
suspension was stroked gently over the stem surface, resulting in minute wounds 
involving one to several plant cells; B, occasional tiny galls formed in proximity 
to the collapsed hair c(»lls, such galls reaching a radial extension of about 1 mm. 

the pressure was removed some of the sap and bacterial mixture 
returned into the wound. 

From the results obtained it appeared that the small size of the 
galls may liave been due to the minuteness of the food supply in the 
wounds and the relatively few bacterial cells that could gain entry 
and survive therein. 
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Bacteuial Popttlation in Tiny Galls 

Estimates of the number of bacterial cells were obtained by the 
standard dilution agar plate technique. Individual galls of several 
ages and sizes were used with or without a washing treatment to 
remove the bulk of chance organisms present on the outside. Excess 
water was blotted off the galls by means of sterilized paper toweling 
and entire galls were removed, cutting tangentially to the stem sur¬ 
face, with a razor. Each gall was ground fine in a sterile mortar 
in a small quantity of water before dilution plates were poured. It 
was soon found that dilutions were ordinarily luinecessary because 
of th(' small yield of bacteria. After an incubation period of about 4 



Figure A.-- A, Tiny galls induced by rubbing tomato stems with a polished needle 
gently (a) and progressively harder (6) and (r). The increase in size of wounds 
was correlated with an increase in the size of the galls induced. ^'0.9. /i, 

Knlarged view of two stem pi(*ces with similar tiny galls, y 3. 

days (‘-olonies resembling th<‘. crown gall organism wer(» counted, and 
representative sarn])lcs were used for pathogenicity t(‘sts to confirm 
the diagnosis. 

On the whole, the number of bacteria isolated from tiny galls was 
very small, averaging less than 100. In 1 series of experiments the 
54 galls cultured gave a total of 1,691 colonies, or an average of 31 
colonies per gall, while the yield per gall ranged from 0 to 550 colonies. 
Only 4 galls yielded over 100 colonies. In another study 90 tiny 
galls yielded a total of 10,582 colonies or an average of 118 colonies 
per gall. Of those 1 gall yielded 5,520 or over half of the total; a 
second gall gave 1,223 colonies; 7 galls gave between 100 and 1,000 
colonics; 34 galls less than 10 colonies; and 29 galls gave none. Failure 
to obtain any bacteria in about one-third of the galls suggests their 
elimination either through the technique employed or by death due 
to an unfavorable environment. It is possible that some of the galls 
negative for bacteria in the isolation tests are representative of what 
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is obtained when crown gall bacteria get inside living tomato cells 
or, as in the case of sunflower (JS), when bacteria-free secondary galls 
occur at a distance from the point of inoculation. While the inability 
of crown gall bacteria to survive within injected cells, already men* 
tioned, supports this (jonclusion, more work is needed on this point. 

Loc’ation of Bac’teria in the Galls 

The approximate location of the crown gall bacteria in the tiny galls 
was studied by pouring plates of galls divid(»d into two or three parts 
under the microscope by means of a microtool fashioned from a 
safety razor blade. Three experiments were conducted. 

In the first experiment isolations were attempted from the tip 
one-third part of 7 tiny galls, and the results were positive in 2 cases. 
At the same time isolations made from 11 complete galls gave positive 
r('sults in all cases. 

The second experiment involved isolations from 10 tiny galls divided 
into 2 approximately equal parts. All galls yielded bacteria—the tip 
half in 9 cas(‘s and the basal half in 4 cases. 

In th(‘ third experiment eight galls were divided into three approxi¬ 
mately equal parts. Of the eight galls seven yielded pathogenic 
bacteria. Bacteria were obtained from the tip, middle, and basal 
regions respectively of three, five, and four of these tiny galls. 

The results of the foregoing tests show that bacteria may be found 
in various parts of the tiny galls and are not limited to one location. 

SMALLEST NUMBER OF BACTERIA REQUIRED TO INDUCE GALL FORMATION 
Shallow Neeble-Puncttuie Wounds 

When on(‘ or mor(‘ bacterial cells were used as ino(‘ulum and shallow 
stein wounds (about 0.1 mm. in diameter) of three depths (2 to 4 cells 
deep, 5 to 8 cells deep, and 10 to 12 cells deep, approximately) were 
employed as infection courts, infei^tion occurred in a maximum of 21 
p(‘rc(»nt of the trials (table 1). 

Singh' bacteria induced gall formation in about 10 percent of the 
plants inoculated, as compared with approximately 15 percent for 2 to 
10 bactt'rial cells and 21 percent for 50 to 100 bacterial cells (fig. 5). 

The galls induced by single ct'll inoculation began to appear in about 
1 week after inoculation and reached maximum size in 3 weeks. They 
were usually small, ranging from less than 1 to about 4 mm. in radial 
('xtension at the end of 3 months (fig. 0^). There was a tendency for 
the galls to become larger as the depth of the wound increased. 

The galls induced by inoculation with 2 to 10 bacterial cells finally 
reached between 1 and 5 mm. in radial extension. Again the larger 
galls were associated with the di^eper wounds. 

When between 50 and 100 bacterial cells were introduced into 
shallow wounds the majority of the j-esulting galls reached between 
1 and 7 mm. in radial extension and were larger for the greater wound 
depths. 

From these results it is apparent that infection was somewhat higher 
and the galls were larger when more than one bacterial cell was used as 
inoculum and deeper wounds were inoculated. This slightly higher 
percentage of infection where more than one bacterial cm was used, 
while significant, is believed to be the result of chance. The probabil¬ 
ity of a single bacterium, as contrasted with two or more cells, reaching 
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the proper location in the wound for setting up an infection was 
undoubtedly less; therefore the percentage of infections would be 
expected to be smaller for the single cell. More?over, one or more 
cells of an inoculum consisting of several cells would have a better 
chance of reaching a greater depth, as well as a better position for 
multiplication, than would a single cell. Consequently a correlation 
between size of gall and depth of wound was expected. Basic to 
the above interpretation is the well-known tendency of the crown gall 



Fkiure 5. - Inoculation of shallow necdlc-puncture wounds with one or more 
crown j<all bacteria, sliowing production of small galls. 

organism to localize in the tissue and to stimulate only a limited 
number of the surrounding cells to activity. 

Deep Needle-Punctuke Wounds 

Deep wounds made by using the same size needle as before proved 
much more efficient as infection courts than shallow wounds (table 1). 
Three types of deep wounds (needle punctures one-fourth, one-half, 
and completely through the stems) were tested, one or more bacterial 
cells being used for inoculum. Single bacteria produced infection in 
from 10 to 60 percent of the trials (fig. 7); 2 to 10 bacteria produced 
galls in from 20 to 90 percent of the trials, and 50 to 100 bacteria 
produced galls in practically all the trials. In every case the galls 
were larger in radial extension than the thickness of the stems. 
There was a definite correlation between depth of wound and size 
of gall since the larg(».st galls were always associated with needle 
punctures all the way through the stems (fig. 6, B), However, no 
apparent correlation was found between amount of inoculum and 
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Kkjuue 6.—Crown induced by inoculation with single bacteria: /I, Maxi¬ 

mum size attained in 3 months by crown galls induced by single-cell inoculation 
into wounds 2 to 4 cells deep (6); 5 to 8 cells deep (c); and 10 to 12 cells deep (d), 
as compared with a tiny gall la) induced by inoculation of a very small epidermal 
wound resulting from the removal of a single trichoinc hair. X 1.4. B, 
Maximum size attained at the end of 3 months by galls induced by the introduc¬ 
tion of single bacteria into wounds one-fourth (a), one-half (6), and completely 
through (c) the tomato stem. X 0.9. 
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size of gall. The reason for the single cell being less infective than 
larger numbers of cells on a percentage basis was undoubtedly due 
to the fact that there was less chance of one cell finding a favorable 
place for multiplication in the wound cavity. However, if a bacterium 
once found congenial surroundings, as in a deep wound, it proved 
actually equal in potentialities to larger numbers of cells so far as 
gall size, the end result, was concerned. 

It has already been shown that one bacterium can quickly multiply 
into large numbers in sap extract and that the sap in the wound 
cavity functions in the same way as the food supply in microculture 
or in a test tube. The principal limiting factor governing gall size in 
these experiments was food supply for the increase of the bacterial 
population and not the initial amount of inoculum. Therefore, it was 



Figuke 7.—Inoculation of deep needle-puncture wounds with one or more crown 
gall bacteria showing production of large galls. 

conclutled that the kind of wound was a more^ important factor in 
producing infection than the initial number of bacteria. 

Ba< TERiAL Population and Size of Gall 

Isolations made from galls of various sizes taken at random from 
the several experiments in which shallow and d(H'p needle-puncture 
wounds were emploved indicated that bacterial population is roughly 
proportional to gall size. Small galls ranging from 1 to 3 mm. in 
radial extension yielded an average of between 50 and 100 colonies 
per gall in isolation trials. Always the entire gall was crushed in water 
in a Petri dish and allowed to stand for an hour before the agar was 
added. Galls from 5 to 7 mm. yielded between 100 and 50,000 colonies. 
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Galls 7 mm. and upwards ordinarily gave counts averaging 100,000 
or more. One series of 7 galls measuring from 10 to 25 mm. in diameter 
yielded in round numbers 1,106,500; 400,000; 1,143,000; 1,070,000; 
510,000; 11,000,000, and 20,000,000 bacteria based on the plate counts, 

DISCUSSION 

The present investigation, which involved the use of micrurgical 
technique, demonstratc'd the fact that a single cell of the crown gall 
organism when introduced into a wound is capable of producing infec¬ 
tion in tomato. Apparently such potentiality of individual bacteria 
had been previously demonstrated in but one instance in animals (16) 
and one in plants (/)). 

The ^eatcst difficulty encountered in this study was not that of 
developing precision technique for isolating and transferring known 
numbers of bacteria to the wounds, but rather that of introducing 
the isolated bact('rial cells into the proper position in the needle- 
puncture wounds for infection to take place. Filling the wounds with 
sterile juice extract and then planting the inoculum on the protruding 
meniscus was found to be inadequate for the i)roper distribution of 
inocula in the shallow wounds, but proved much more efficient for the 
(l(M‘p wounds. The interpretation given to this seeming discrepancy 
was that of the role of chance in distributing the bacteria in the 
wounds. 

Th(‘ complete failure of microscopic pi])ette wounds to become 
infection courts probably cannot be charged to lack of perfection of the 
microinj(*ction techni(|ue. This conclusion is supported by the evi¬ 
dences from isolation experiments in wffiich it was found that virulent 
cultures failed to survive the intracellular environment. Thus far 
no one has given convincing evidence that living crown gall bacteria 
are ever present in living plant cells. One of the most recent studies 
was that of Banfield (/) who reported negative evidence on this point. 
The final answer to this (piestion will require further work. 

SUMMARY 

Juice extract from tomato plants was found to be an excellent 
medium for (uilturing the crown gall organism. Single bacteria grew 
readily in the juice extract in microculture. 

The sap in the wound cavity liberated from the cells that were 
injured in the wounding operation also supported growth of the crown 
gall organism. Isolations made from wounds about 5 days after 
inoculation and before symptoms appeared, showed that the original 
single cells had nniltiplied into thousands of individuals in the wound 
sap. 

The crown gall organism, when injected into the living cells of 
tomato stems, failed to induce gall formation and ordinarily failed to 
survive inside the cells, indicating that the living cell interior is an 
unfavorable medium for these bacteria. 

Single bacterial cells induced gall formation when introduced into 
needle-puncture wounds of various sizes. The lower percentage of 
infections resulting from single-cell inoculation as contrasted with 
that from inocula consisting of larger numbers, was attributed to the 
role played by chance in distribution which favored the larger num- 
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bers reaching the proper position for multiplication and cell stimula¬ 
tion in the wounds. 

Tiny wounds in the tomato stem, involving one or more epidermal 
(jells, approximated the minimum size for infection by the crown gall 
organism. Only a small percentage of such wounds became infected 
when the inoculum was applied by gently rubbing the stem surface 
witli a polished needle moistened with a bacterial suspension. 

Shallow stem wounds (from about 2 to 12 cells deep) were less 
efficient as infection courts than deep wounds (from one-fourth to 
completely through the stem) when the inoculum was identical. 
This result was attributed to the role played by chance in the distri¬ 
bution of the bacteria and to the larger amount of wound sap which 
favored the larger wounds as infection courts. 

Ordinarily the ultimate size of the gall was correlated with the 
depth of the wound but was independent of the size of the initial 
inoculum. The largest galls observed resulted from inoculating deep 
stem wounds regardless of whether the ino(*ulum was a single bac¬ 
terium or large numbers of bacteria. 

The relation (1) between tiny wounds, tiny galls, and few bacteria, 
(2) between shallow wounds, small galls and more bacteria, and (3) 
between deep wounds, large galls, and many bacteria was verified by 
isolation experiments. 
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ELECTROCARDIOGRAPH STUDIES IN NORMAL 
DAIRY CATTLE > 

Hy B. V. Alfredson, assistant professor of physiology and pharmacology, and 
J. F. Sykes, research assistant in physiology, Michigan Agricultural Experiment 
Station ^ 

INTRODUCTION 

Since the introduction of the electro(‘ardiograph by Eihthovon 
nearly 30 years ago, the study of heart conditions in the human 
subject has made trcmnuidous strides. With this instrument it is 
possible to record the (dectrical effects which accompany (‘ach beat 
of the heart. In the human subject a regular series of waves is 
recorded in succession as the several regions of the heart become 
active. These waves are arbitrarily d(‘signated as P, Q, R, S, and 
T, the order in which they occur during each luiart beat. Their 
form is shown in figure 1. 


R 



Fkiure 1. Forni of the waves in a human heart beat, in the order in which 
tliey occur, P, It, S, and T. Waves above the dotted isoelectric line in figure 
I are designated as positive deflections while those that go below are negative. 
The P wave is formed during auricular activity and Q, R, S, and T arise during 
ventricular activity. While th(*re are some variations in the form of these 
waves among normal individuals, certain variations from the normal are very 
significant and may be used to detect abnormal conditions of the heart. 

By means of a liming device the electrocardiograph also enables 
the clinician to determine the length of time necessary for the com¬ 
pletion of the various phases of the cardiac cycle. The PR interval 
represents the time occupied by auricular activity, and the QT 
interval that occupied by ventricular activity. Variations in the 
length of thest* intervals indicate cardiac abnormalities. It is pos¬ 
sible to determine from the record tlu* relative height or potential 

^ RectM\P(l for publication September 19, 1941, Journal Article No 550 from the Michigan Agricultural 
Experiment Station. , .rr . .. i 

2 The authors express their sincere thanks to Dr. F. N W ilson of the University of Michigan and the 
members of his stall for guidance during the preliminary studies and for ad\dei* and onticisnivS, to Dr C . F. 
lluamari for encouragement and for the facilities made possible through his cooperation, to Df* y • p. 
Baten for assistance' in the statistical treatment of cjertain of the data; and to R. F. lianghani for aid m the 
preparation of the illustrations. 
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of the various waves. Variations in potential may under certain 
circumstances have significant diagnostic value. 

The present paper reports the results of an attempt to establish 
normal electrocardiographic values for cattle as a basis for experi¬ 
mental and clinical investigation in this species. Relatively few 
reports on this subject have appeared in the literature, and most of 
these have come from Europe {12, 17, 18, 22, 23, 25)} In only two 
instances known to the writers has similar work been reported m the 
United States {3, 20), With the establishment of normal electro¬ 
cardiographic values it seems probable that the electrocardiograph 
may become a valuable tool in experimental studies on bovines and 
possibly in time it may have a limited use in clinical veterinary 
medicine. 


EXPERIMENTAL PROCEDURE 

Ninety-seven animals, composing the major part of the Michigan 
State College dairy herd, were selected for study. The breed repre¬ 
sentation was as follows: Jersey, 23; Guernsey, 22; Ayrshire, 13; 
Brown Swiss, 19; Holstein, 20. These animals were representative 
of their various breeds and were kept on the fairly high plane of 
nutrition necessary for optimum production under modern conditions 
of herd management. The age distribution ranged from 5 months 
to 12 years, inclusive. The animals were in various stages of gestation 
and lactation. 

Three serial electrocardiograms, approximately 1 month apart, were 
recorded for each individual. The animals Vere accustomed to 
being handled and were given a reasonable opportunity to adjust 
themselves to the new surroundings of the laboratory before the 
tracings were taken. Since changes in heart rate may affect the 
QT and the PR intervals, no recordings were attempted wheii 
the animals showed any evidence of excitement. All records were 
taken in the afternoon. 

The apparatus employed was the Hindlc No. 2 model of the 
Einthoveii electrocardiograph. The three standard leads only were 
employed; namely, lead 1, right front leg to left front leg; lead II, 
right front leg to left rear leg; lead HI, left front leg to left rear leg. 
These leads were chosen despite the fact that their relative positions 
in respect to the plane of the long axis of the bovine lieart is considera- 
t)ly different from the position of the same leads in respect to the long 
axis of the heart in the human subject. Such leads would not be 
expected to produce electrocardiograms closely resembling those of 
human subjects,^ and for this reason, they have been discarded by 
others. Norr (l7, 18) and Kahn (12) employed a single lead and 
Yacoel and Spitz (25), attempted to place the electrodes in such a 
manner as to bring the leads into a relationship with the long axis 

3 Italic numbers in parentheses refer to Literature Cited, p. 85. 

* In the human subject the electrical effects produced by cardiac activity arc picked up by electrodes 
attached to the arms and the loft lep. The electrodes are connected to the galvanometei, and a control box 
enables the operator to pick up the electneal effects from any two electrodes and direct them through the 
galvanometer. Kach such circuit when completed Is known os a lea^l. With three electrodes placed as 
noted, throe leads arc possible. The form of the various waves of the cl(*ctrocardiogram is partly (lue to the 
position of the heart In relation to the point of attachment of the electrodes or the loads. Because of anatomi¬ 
cal differences in the human subject and the bovine it is apparent that the position of the heart in relation 
to the leads would be considerably different and the form of the various waves would also be somewhat 
different. 
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of the heart similar to that obtained in the human subject. The sin¬ 
gle-lead electrocardiograms did not show as marked an individual 
variation as electrocardiograms taken with the standard leads, but 
still they did not closely resemble those of human subjects, a.nd, while 
the metnod of Yacoel and Spitz met this condition to a certain extent, 
they attained this result only by moving the electrodes to new posi¬ 
tions for each lead. The use of the three standard leads is therefore 
justified partly because they afford more extensive information than 
can be obtained from the single leads employed by Norr {17, 18) 
and Kahn {12) and partly because they help considerably to simplify 
the problem of electrode application. 

The Cambridge german silver plate electrodes were used exclusively. 
The area of application was clipped and electrode paste was applied 
and rubbed vigorously. At no time during the recording of an elec¬ 
trocardiogram were the subject’s feet allowed to make a wet contact 
with the floor. In this study the nomenclature introduced by Ein- 
thoven was employed and the letters P, Q, R, S, and T were assigned 
to the various electrocardiographic deflections according to the rules 
in common use in human electrocardiography. A second upright 
QRS deflection encountered in certain cases was designated R'. 

Since the heart rate has been shown to influence especially the 
QT, and to a lesser extent the PR, interval in the human subject, 
it was necessary to determine rates so that the effect of this factor 
on the intervals could be determined. The heart rate in each lead 
was found by taking an average of five or six RR intervals. The 
values obtained in this way in each lead of the three montidy tracings 
(nine values in afl) w^ere averaged and the value so derived was ex¬ 
pressed as the heart rate of that particular individual. 

The intervals PR, QRS, and QT were measured under magnification 
by a reading glass. The accuracy of this method is approximately 
0.01 second for all intervals. Readable complexes were always 
selected for measurement of intervals. Contrary to the usual 
custom in investigations with human subjects, the arbitrary selection 
of any given lead for deteimination of interval length is practically 
impossible because of the extreme range of the cardiac electrical 
axis in the bovine. For the sake of \miforniity and since the longest 
interval in any lead of the first montidy tracing was rarely exceeded in 
the two subse(i[uent records, the greatest interval in any lead of the 
first tracmg w'as arbitrarily selected for tabidation unless otherwise 
indicated. 

Th(> systolic indc'X or systokwycle ratio wuis calculat(‘d for each 
elcctrocardiogi-am according to the formula devised l).y Bazett {4), 
which is as follows: 

^ -^EB 

The value of K is commonly considered as practically constant in 
normal human electrocardiograms (7). Any variation in K represents 
an alteration of the relationship of QT to the entire cycle, whereas 

* QT is the time interval from the beginning of QRS to the end of T, and RR is the interval in seconds 
occupied by a complete cardiac cycle as exemplified by the time interval between two successive R waves. 
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measurement of the QT interval might reveal no actual change.® 
Such changes in tlie human electrocardiogram have some clinical 
significance. 

The cardiac electiieal axis/ which is based upon the variations in 
the potential of the (JRS dellections between the leads, was determined 
by approximate* me'thods in the present study. By using a series of 
triangular diagrams bas(*d upon the reconimeuidation of Wilson (^0 
and representing axis gradations in steps of 30°, the approximate elec¬ 
trical axis of each electrocardiogi*am in tl)e series was detennim‘d. 
The only crite^rion for the evaluation of (^RS for this purpose was an 
estimation of the approximate net area of its deflection as nearly as 
this could be determiiu'd by observation. No attempt was made to 
compare the potential in the three leads at the same relative tim(* 
instant by using gi-aphic methods of the type employed, for example, 
by Fahr (.9), nor was any attempt made* to determine the manifest 
potential according to the* method of Einthoven {H). These tech¬ 
niques are probably more accurate than the one employed in the present^ 
study, but they cannot be us(*d with precision until mon* is known 
concerning the el(*ctrical effects which accompany the heart Ix'at of 
the bovine subject. 


RESULTS AND DISCUSSION 

THE HEART RATE 

Table 1 gives a summary of the data d(‘riv(*d from the individual 
records; for purposes of comparison a summary of data compileil by 
Fuller (U) is included. Heart rates varying from 4S to 98 l)(*ats per 
minute were observed. The average rate was 71.0 bcaits ])(‘r minut(‘ 
for the entire S(Ties. Tin* mean for the br(*eds ranged from 05.9 for 
the Jerseys to 70.4 for the Ayrshires. These valu(‘s an* somewhat 
higher than those reported by Full(*r. The diff(‘j(*nc(* appears to ho 
due to th(^ fact that 25 individuals in tliis group of cattle ranged in age 
from 5 to 18 months. The heart rates of tlu'se yoimg(*r c*attle were 
found to avergae 82.5 beats per minute while tlu* average for tin* 
animals over years of age was 07.8 (table 2). The latter figure 
agrees very closely w ith the av(*rage giv(»n by Full(*r. 

In spite of the fact that many factors may affect heart rate, the. 
values given in table 2 may be consider(*d to be within normal limits 
for cattle in the two age groups. The fact that these aiiimsls w en* 
led from one barn to another, a distance of 300 yards, b(*fore the 
record was taken would not seriously affect tlui rate. It has been 
demonstrated by Lewis and Cotton (l5) that when the human heart 
rate is increased by exercise it returns to normal in from 3 to 5 minutes. 
Usually from 10 to 15 minutes elapsed between the arrival of the ani¬ 
mal at the laboratory and the actual taking of tracings. Wide ffuctua- 

• Since the QT interval varies with the rate of the heart it is desirable to have some means of comparing 
QT at various rate levels. For instance, if the QT interval in a given subject with a heart rate of 70 were 
found to be 0 40 second and a subsecpiont record of the same subject gave a QT interval of 0.40 second when 
the heart rate was found to be 50, it is apparent that the QT interval in the first instance is proportionately 
larger in relation to the whole cardiac cycle then it is in the .second although the actual measurements by 
themselves would not indicate such to be the ca.se, and therefore, these two values for QT are not comparable. 
Bazett’s formula is used in human .studies to correct for variations in rate which may affect the Ql"* interval, 
and the values obtained by use of the formula make it possible to compare QT at various cardiac freiiuencies. 

’ The electromotive forces developed in the heart at any one Instant have a certain definite direction of flow 
which is known as the electrical axis of the heart. The direction at any instant depends on activity in one 
part and quiescence in other parts, i. e., from electrically negative to electrically positive areas Variations 
in the electrical axis represent changes in the direction of flow which may result from changes in the position 
of the heart or from increases in the mu.scl(‘ mass of one side of the heart as compared to that of the other side. 
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tions in environmental temperature were not encountered during the 
period in which the records were obtained. The factors of plane of 
nutrition and excitement due to changed surroundings may have 
exerted some influence on the rates observed in these cattle. It has 
be(in shown that heart rates are significantly higher when the plane 
of nutrition is raised to meet the requirements of heavy production 
(5, ll)y and Rqthberger and Winterberg (21) have demonstrated that 
sympathetic stimulation in dogs is accompanied by changes in the 
ehuitrocardiogram similar to those observed by Lewis and Cotton 
during exercise. The effect of these facUirs, however, can hardly have 
been very great, although this possibility cannot be entirely 
disregarded. 

''J’'able 1 . Heart raten of animals of different dairy breeds, based on an average of 
data from S leads and S monthly tracings; a summary of Fuller's data { 11 ) is 
given for comparison 


Data for all age groups 


Summary of Fuller’s data 
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Ht*art rate ({)er minute) 



Heart rate (lier minute) 
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error of 
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1 
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la 

1 <11 i 

90 

70 i 

3 44 

8 
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52 

90 

09.0 
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19 
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2.29 
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Holstein.. , . ' 

52 

95 
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2.91 

15 ! 

087 ] 

51 i 

90 

08.0 

Tolfd -...| 

97 , 

*48 

98 

71.0 
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39 i 
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40 1 

j 
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T\ble 2 - Heart rates of animals under IS months of age compared to rates of 
animals ovet 18 months of age 


Breed 


Jersey . 
(luernsey 
Ayrshire 
Brown Smss 
llolstum. 

Total . 


Age of animals 


5 to 18 months 

Over 18 months 

Animals 

Average 
heart rate 

Animals 

Average 
heart rate 

Number 

Beats per 
minute 

Number 

Beats per 
minute 

5 

71 4 

18 

04.3 

5 

90 0 

17 

67.0 

3 

91 8 

10 

71.7 

1 7 

80.9 

12 

70.3 

1 5 

82.0 

15 

67.7 

25 

82 5 

72 

07.8 


INTERVALS OF THE BOVINE ELECTROCARDIOGRAM 

The three intervals, PR, QRS, and QT, were measured according to 
the method described under experimental procedure. A summary of 
the minimal, maximal, and mean measurements for the tliree intervals 
derived from the longest interval in any lead of the first monthly 
tracing, as well as the value for K (systolic index), is presenttal in 
table 3. 
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Table 3.~” The duration of the intervals and the values for K of the bovine electro¬ 
cardiogram 


Brwcl 


ru interval 



QUS interxal 


Mini¬ 

mal 

Maxi¬ 

mal 

Mean 

Stand- 
arfl 
error 
of mean 

M ini- 
inol 

Maxi¬ 

mal 

Mean 

Stand¬ 
ard 
error 
of mean 

Jersey -.. 

Guernsoy... 

Ayrshire.. . 

Brown Swiss... 

Holstein-.i 

Total ill breeds.. 

Second 

0 10 
. 14: 
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.14 
. 12 1 

Second 

0.22 

.28 

.24 

.25 

.30 

Second 
0.18 
.20 
.21 
.18 
.22 

Second 

0.0131 
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.0005 

.0067 

.0091 

Second 

0 08 
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iSecond 
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Second 1 
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09 j 

Second 

0.0128 

.0035 
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.19 
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03' interval * 



K (Bassett's formula) 
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Jersey. 

0 35 

0 47 

0 41 

0 (MMd 

0 40 

0 47 

0 425 

0 (K)43 

Guernsey. 

.31 

.44 

.38 

. (MH»5 

.37 

48 

.419 

. (K)54 

Ayrshire. 

.29 

! .42 

.37 

.0117 

1 .35 

46 

1 .407 

. (H)97 

Brown Swiss. 

.33 

.47 

.39 


.37 

.46 

I . 424 

. (H15i) 

Holstein. 

.29 

.45 

.38 

. IKI77 

i 

.40 

.411 

. (KI58 

Total, all breeds. 

.29 

.47 

.39 

. 0039 

1 .34 

.48 

.418 

I 

.0027 


I 'Phc valuos iis<‘(l hero are averages of all 3 leads in 3 tracings. 


The PR Intehval 

The duration of PR as shown in talde 3 langt'd from 0.1 to 0.3 
second, with an averagt* duration of 0.19 second. Eighty-seven and 
six-tenths percent of the values were found in the range' from 0.10 to 
0.20 second. The spread here may in part be due to a teuidency for 
PR to vary inversely with lieart rate and to the fact that h(*art rate's 
varied considerably among tlie various indivieluals. 

In most instances tlie duration of PR was very nearly ecjual in all 
leads. Taking lead II as a standard, the value*s in leads 1 and III were 
usually within 0.01 second of this value. Oe*casionally the di/re'rence 
was as gT*eat as 0.02 second. Onl}^ very rare'ly was this diffe'rence' 
exceede'd. These variations agree rather close'ly with tliose' found by 
Lewis and Gileler (16) in the human subject. 

Variations in PR between the three serial el(M*trocardi()grams wTie 
likewise relatively minor. A variation of 0.01 second appearing in 
one or more leads occurred between the first and succeeding electro¬ 
cardiograms of every individual. Less frequently there was a varia¬ 
tion of 0.02 to 0.03 second. In eight animals the variation w^as 0.04 
second, in one 0.05 second, and in two 0.06 second. These larg(*r 
variations were due mainly to changes in the type of P wave in suc¬ 
ceeding tracings. Quite often diphasic P was replaced in a succeeding 
tracing by monophasic P, or vice versa. This resulted in variations 
in^the PR interval, and these were especially marked when there was 
variability in the initial effects of diphasic P. For instance, if the 
initial phase of diphasic P of one record should be absent in the sue- 
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ccpding electrocardiogram, giving rise to monophasic P, then the PR 
interval was usually shorter by a time interval equal to that of this 
absent initial phase. Wlien monophasic P wm replaced by diphasic P 
in the succeeding record, the interval was increased in an amount 
equal to that of the added phase. Similar variations with respect 
to initial effects of QRS were observed and these undoubtedly were 
in part responsible for variations in the PR interval. 


Table 4. — The duration of bovine electrocardioaraphic intervals, and the values for 
K at various levels of cardiac frequency 


lloart ratp 


1*K intervals 



QKs intervals 


(bcaty ptT mln»itc) 


Mimnml 

XI a\imal 

1 

1 Moan 

Leads 2 

.J 

Minimal 

j Maximal 

1 XI can 


Number 

Second 

Second 1 

1 Second 

Number 

Second 

Second 

Second 

't.'l to 4W 

2:t 

0 16 

0 28 j 

0 22 j 

24 

0.04 

0 12 ! 

0 09 

/)() to 5U 

I 117 

,I/i 

;io 1 

22 i 

i;iO 

.04 i 

.12 

09 

Wlotiy _ _ . 

‘ifjO 

10 I 

:i2 

.20 ' 

265 

.04 i 

.12 

.08 

7() to 7M . - 

216 

08 

28 

.19 : 

237 

.04 

12 

.08 

KOtoSy 

02 

12 

24 

.17 : 

103 

.04 

12 

.08 

‘JO to V2b ‘‘ 

74 

.11 

.22 

ir>! 

1 

90 

04 

.11 

.07 


Q'r int(*r\ulh 


Iv (Bazi'tt’s formula 0 


(beats per tniniite) ! 

Leads 1 

Minimal 

! Maximal | 

Mean 

1 

j accords j 

1 

Mminml 

Maximal 

i Mean 

i 

t3lo4‘l 1 

f Sum her | 
1 22 

S(cond 

0 40 

1 Second ! 

0 50 

Sefond 

0.45 

A'm mb >1 

H 

1 

(1 372 

i 

! 0 434 

0 400 

50 to 59 . 

129 

38 

52 

.43 1 

42 

373 

.480 

.420 

60 to 69 . 1 

I 1 

.32 

• 48 1 

.41 ' 

96 

. 354 

.480 

.424 

70 to 79 ... ! 

2.12 

.32 

1 44 ! 

.38 

79 

.357 

,480 

.424 

SO to 89 . 

10) 

30 

.44 1 

35 

34 

. 353 

.504 

.421 

90to95-i.. 

92 

.26 

1 38 

1 : 

31 

32 

.326 

.450 

.392 


> valiio for J\ uas cnlculatoii from tin* moAsuromonts in onl> I load l^gonorallj lead 11) of each eloclro- 
cardioprani 

^ '1 lu* iiitorviils in ('ortain lc'a«K \Nere not inoasuroiUdo bocauM* of tho laok of di.stinctmss of tlu* waves 
boUTKiinp those nitorvals 

< Only 10 load.s in tins proup shov od a rate oroator than lot lx*al> per minulo. 


Tli(‘ duration of tlu* PR interval varied rather consistently with 
heart rat(‘. Tabic 4 gives th(‘ data for the effect of heart rate on tliis 
and other intervals and for its effect on the value for K. It will be 
noted that the mean value for PR decreased regularly as the heart 
rati' intTcased. The same general trend was seen in the minimal 
and maximal values found but was not so regular. Minor rate changes 
s(*ldom altered the duration of PR noticeably, and there was con- 
siderabh^ overlapping in the groups shown in table 4. It is evident 
from th(*s(i data that the (»ffect of hc^art rate on this interval must be 
taken into consideration befew’t* conclusions may be drawn concerning 
tlu^ significance of changes in PR. It was also noted that the PR 
interval was shorter in young than in mature cattle even though the 
h(‘art rate's were comparable. 

Table 3 shows some slight differences between the breeds for the 
duration of the PR interval. The mean values ranged from 0.18 
second for the Jerseys and Brown Swdss to 0.22 for the Holsteins. 
The variations here are not correlated wHh the different heart rates 
recorded for these two breeds (table 1), and because of the small size 
of each group the significance of these variations is questionable. 
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Thk (iRS Interval 

The duration of QRS ranged from 0.06 to 0.12 second with an 
average value of 0.09 second (table 3). The lower values of 0.08 
second or less were found consistently m animals midcr 2 years of age. 
The distribution about the mean was quite close. Eighty-six and 
five-tenths percent of the values fell between 0.08 and 0.11 second, 
inclusive, and 95.8 percent were between 0.08 and 0.12 second. 
Probably one of the factors responsible for this was the fact that the 
duration of QRS did not vary with heart rate to such an extent as did 
PR and QT. 

There was considerable variability in the duration of QRS betwe(»n 
h'ads in any given electrocardiogram. In gen(U‘al, the smallest valiu' 
was found in lead I and the largest in lead III. However, the differ¬ 
ence between h^ads II and III rarely exceeded 0.01 second, although 
as much as 50 percent variation in the duration of QRS in lead I 
from that of leads II and III was observed. 

Variations in interval length between serial electrocareliograms of 
individuals were relatively infrequent in le^ads II and III. When 
pre^sent they were usually within the range of 0.01 second. Tlie» 
greatc'st differences were' seen in le'ad 1, where eleviations of 0.02 te) 
0.03 second were occasionally founel. Since this is usually the' un¬ 
favorable leael th(*se‘ lesults are not surprising, and are' associateel with 
monthly variations in the' form of the' low potential ele'flee*tie)ns. 

Cliange's in length of this interval eninerde'nt with variatiems in 
heart rate we're noted (table 4) in this seric's. The' eluratien of QRS 
was le'ss affecte'd by variations in the heart rate than was that, eff PR 
anel QT, but the efecrease in the mean values fe)r this interval as the' 
heart rate increased was consiste'iit. However, in view of the' fae*! 
that the' minimal anel maximal value's are practically iele'iitical for all 
rate levels, tliis variation in the memn may have' no spee*ial significance'. 
More extensive data on this point are needed. 

No appare'iit breeel eliffereiices were obse'rved. The ave'rage elura- 
tion of QRS for the e'litire se'rie's (0.09 second) is in close' agre'e'ine'ut 
with the ave'rage for the various breed groups. 

Thk (JT Interv \i. 

The duration of QT varied consistently with the heart, rate in an 
inverse ratio, and, since a higlu'r rate is common to younger animals, 
the values for QT in subjects under 2 years of age' wt're' usually less 
than those of mature animals. Table' 4 shows the progre'ssive' decrease 
in duration of QT as the heart rate increases. The general trenel e)f 
the elata j)resented in this table is similar to the findings of fVide'ricia 
{10) anel Pardee {19) in the normal human subject. 

The QT interval ranged from a minimum of 0.29 to a maximum of 
0.47 second. The average duration for the entire group was 0.39 
second (table 3). Because of the inherent tendency of this measure¬ 
ment to vary inversely with the heart rate and since tin' rat(' varic'd 
in many instances from lead to lead as well as from month to month, 
the values wliich were the basis for table 3 are an averag(' of the 
longest interval in each lead of the individual electrocardiograms. 
The distribution of th(' values about th(' mean was approximately 
the same as for the PR interval. Eighty-seven and six-tenths pc'rcent 
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of the values fell in the range of 0.34 to 0.46 second, a spread of 0.12 
second as compared to 0.10 second for the PR interval. The greater 
spread of the distribution of the OT values as compared to those for 
QRS was mainly due to the fact that QT varied with heart rate to a 
greater extent than did QRS and consequently was affected to a 
greater dcgi’ee by the higher rates found in the younger cattle. 

Variations in the duration of QT between leads while not extreme 
were more common with this interval than with any other. Taking 
lead II as a standard, a plus-or-minus differenc^c of 0.01 to 0.02 second 
was very common. Variations greater than this were infrequent. 
The maximum variation was 0.06 second. Generally there was a 
tendency for the interval in leads II and III to be nearly equal, with 
lead I showing a slightly smaller value. 

Monthly variations were even more pronounced than the differences 
observed between the leads. In general they were closely associated 
with variations in heart rate, there being an increase in duration of 
QT with a decrease in heart rate, and vice versa. They were, how^ever, 
accounted for partly by the fact that the type of T wave varied from 
month to month in the same individual. A comparable variability in 
the type of P wave with similar effects has been noted previously 
(p. 65). Variations extreme enougli to causes a marked difference in 
QT time ar(‘ relativ(‘ly infrequent provided the longest interval in any 
l(‘a(l b(»- chosen for measurement. Furthermore, any slight influence 
w hich variations in T may exert tend to be obscurc'd by the interval 
changes due to differenc(‘s in rate. This phase of (electrocardiography 
in th(‘ human subj(»ct has b(een statistically treatc'd by Adams (f). 

No significant breed ditf(*rences wxu*e detected. The QT interval in 
the Jers(\v grouj) which show'(‘d the lowest average heart rate of anj^ of 
the breeds exceeded the avcTage for all breeds by 0.02 second, while 
in the Ayrshire group the interval W'as shorter by 0.02 second than the 
avtTage for tin' group as a whole. The average for the other br(‘eds 
was very closi' to the average for the (mtirc series. The number of 
animals and the variation from the mean are too small to w’^arrant 
d(4ini((' conclusions regarding any possible differences that may exist 
b(‘tw('en tlie Jerseys and Ayrshires on the one hand and the Holsteins, 
Brown Swiss, and Giu'rnseys on the other. 

It will ho noted that the duration of this intc'rval, as w^ell as that of 
PR and QRwS, was quite similar to the duration of the same intervals 
of the human (iectrocargiogram. This is quite surprising in view^ of the 
great(^T mass and the great('r thickness of the vtmtricular w'alls of the 
bovine heart as compared to the human heart. The observations of 
C^ir(lw(‘ll and At)ramson (6) and of Alfn^lson and Sykes (3) sugg(^st 
that the rciatively short interval lengtl) of the bovine electrocardio¬ 
gram is du(* to diflVrences in the distribution of the Purkinje network 
m the bovine lieart as compared to that of the human heart. 

Thk Hystouo Indkx 

In calculating K (systcdic index), lead II w'as usually the most 
favorable lead to use since the waves, QRS and T woro generally more 
distinct in this lead than in leads I or III. How’^ever, wdienever the 
complexes of leads I or III were more suitable than those of lead II, 
K w^as calculated from one of these leads. 
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The value for K ranged from 0.34 to 0.48 with an average of 0.418 
(table 3). Although 52 of the 97 animals showed a value for K within 
the ran^c 0.41 to 0.43, the range 0.34 to 0.48 for the entire group is 
quite wide. When the values for K in the indivi<lual electrocardio¬ 
grams were averaged and the values so obtainc'd gi’ouped according 
to the age of the animals, it was apparent that there was a progressive 
increase in the value for A"up to 2 years of age, at which point K became 
relatively constant. These data, summarized in table 5, show that 
the value for K is not constant for all age groups, particularly for 
younger cattle. Moreover, table 4 shows that, at rates below 50, and 
especially above 90, beats per minute, K varies with rate to some 
extent. Since' the higher rates are common to younger cattle (table 
2), the low('r values for K in young cattle and the rather wide range 
for K shown in table 3 would se'em to be largely due to the fact that 
Bazett^s formula faih'd to make an ad('(|uate correction at the higher 
rate levels found in some of these cattle. More' extensive data would 
be desirable on these* points. 

Minor variations in the systolic iiuh'X were noted from month to 
month. These variations could not always be correlated with change's 
in rate. Using the values in the see'onel monthly tracing as a basis 
for comparison, the plus-or-minus eliirerencc's fre)m the first anel thirel 
monthly tracing were* obtairu'el, as she)wn in the folle)wing tabulafion: 


A u mher 

of ohiffi - 

I\‘(iug( nl varintuhftf tvfiouM 

Kf|ual ill all thn‘e* rt'cords ' . . .. (> 

Equal ill cither first or third ivcord, ^ . IS 

Inequality in all thre^e re'cords: 

d-0.601-0.009_ ol 

± 0.010-0.019_.- .■)9 

10,020-0.029- 27 

±0.030 0.039_ 20 

±0.040 0.049_- 3 

±0.050 ~0.059_ 3 

±0.0e)0-0.009__ , 1 


1 This ih v ithui o (MU 

There we*re no bre'e'd diffeu’emces, the values feir K be'ing relative'ly 
constant for all breeels anel close to the average for the t'ntire* group 
in all cases. 


Tablk 5.— Minirninn, maximum, and mean values for K {HazrtCs formula (-^)) 

at various age levels 


.*) to S months _ 

K to 10 months 
10 months to 1 yrar 

1 to Utj y<ws .. . 

1H to 2 years . 

2 to 3 years 

3 to 4 years . _ 

4 to 5 years _ 

f) to 6 years. 

()to8ycais - 
StolOyeais. 

10 to 12 years .. 
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n 
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.37 

.42 
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7 
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.44 
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1 
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47 
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40 
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10 
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.47 

.420 

0 
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1 
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.41 

.424 

3 
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.48 
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! 
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.42 

.410 
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FORM AND OCCURRENCE OF BOVINE ELECTROCARDIOGRAPHIC DEFLECTIONS 

The P Wave 

The P wave, in common with all the deflections composing the bo¬ 
vine electrocardiogram, showed characteristics differing materially 
from the P wave seen in human tracings. These differences were 
largely increases in the incidence of diphasic and extremeljr low poten¬ 
tial waves or, more rarely, complete absence of the deflection. Mono- 
phasic waves consisting of an upward or positive deflection and di¬ 
phasic waves with a positive net area** were the two common types 
of waves. In two or three instances negative monophasic waves were 
encountered. The sequence of events, where diphasic waves were 

I iresent, was usually an initial quick downward deflection followed 
)y a much slower upward phase. Only four individuals showed 
diphasic P with a positive to negative sequence. True notching of 
P, such as was found by Kahn {t2) in the horse and to a lesser extent 
by Norr {18) in cattle, when employing the single regio-apicisrregio- 
pra(‘scapularis lead, did not occur in a single instance in this series. 

Monophasic waves were most common in lead III; they appeared 
less frequ(‘ntlv in leads 1 and JI. Diphasic waves were most numerous 
in leads I ami II and appeared only 8 tiihes in lead III. Occasionally 
(10 times in lead I and 9 times in lead III out of a total of 873 leads) 
was totally absent or when present was of such extremely low poten¬ 
tial that its form could not be accurately determined. The deflection 
was always present in lead II. 

"rAHLK C).-- Summary of the occurence of various combinations of P waves with 
respect to leads in the first monthly tracings ^ 
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‘ Koy. +-*lTp\vanl nioiiouhasit* deflectUui. downward nionoplinsic deflection; D«diphasic wave; 
NA1~absent, nonineasiiratue, or uondctcrniinablc wave; M^M-shaixid complex with jxisitivo net area. 


Tlio fomhinatioiis of tho various fonns of tlu* P wave which were 
found 111 tho throe loads of tlu* oloctrocardiogi’unis arc sunuiiarizod 
in table 6. In compiling this table only the fii-st tracing obtained 
on each animal was considered. Of (ho 64 possible combinations of 
positive and negative monophasic, diphasic, and nondeterminable 

• In wa>es of the diphasic type or In QRS complexes of the vibratory type, a ncjjative net area indicates 
that the area encompassed by the negative tlefleotion Is preater than a similar area enclosed by the positive 
phase. A positiv e net area lndieate,s the opposite of this. 
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waves, only 15 occurred. Of these the DD+® combination was seen 
most frequently (34 times). The sum of the instances in which DD+, 
D ++, DDD, and + + combinations appeared, accounted for 
08 percent of the records. When monophasic P occurred in only 
one lead of an electrocardiogram, it almost invariably appeared in 
lead III. Its presence in any lead other than III was always coin¬ 
cident with its appearance in at least two h^ads. When dipliasic P 
appeared in only one lead, it was usually found in either Icaxl I oi* II. 
It appeared more frequently, however, in two or more leads, the most 
usual occurrence being m both leads I and II. 

The QPS Group and the Cla.ssification of the Bovine Blectrocardiooram 

The occurre'ncc of th(^ individual deflections of QRS w^as as follows: 
Q appeared 59 times in lead 1, 78 times in lead II, and 68 times in 
lead III; R appeared 76 times in lead 1, 97 times in l(»ad II, and 97 
times in lead III; S was found 28 times in lead 1, 8 times in lead II, 
and 20 times in lead III; R' was found twice in h^ad I, 5 tinu'S in 
lead II, and 14 times in load III. The percentage occurrence of these 
deflections in the various leads is presented in table 7. Th(‘ above 
data were obtained from th6 first electrocardiogram of each animal. 
Table 7 indicates the invariable occurrenc(‘ of R in leads 11 and III, 
the great frequency of Q in all leads, and the relative* infre(|uencv of 
S and R'. 

The various representative types of QRS en(*ount('rt*d in this study 
are presented in figure* 2. The arrange‘me‘nt is purely arbitrary. 
Bc'ginning with R-wave pre*dominane*e, the* p!‘e)gre*ssion is threiugh 
varying type‘s e)f multiphase cenni)lexe's to ne*gative* (Q-wave) pre*- 
dominance anel finally representative* unfavorable* le>w-pe)te‘ntial 
QRS type's. 

Types 1 to 6 include the^se comple*xe*s showing definite* R-wave* 
predominance. In tjq)es 1 and 2 both limbs eif tin* R wave* are* similar, 
varying from a quick fine* upstroke and elownstre)ke* to e*oinplex(*s in 
which both limbs of this eleflection arc coarse*neHl. Type*, 1 oce*urre*d 
in only one individual. Type's 3 anel 4 are^ characterize*el by a fine 
quick upstroke* of R with slurring or coarsening of the dese*e*nding 
limb, which may be complete* (type 3) or ine*re*ly e!onfiiu*,el to its te*r- 
minal portion (type 4). Twei similar forms of QRS are grouped unelei’ 
type 5. Type 5, a, shows notching of the deiwmstroke* at the point 
where the terminal portion becomes coarsenenl. With a leiWH'iing of 
the pote'iitial of the initial spike, forked or l\/l-shape*el e‘omple*xe*s siiedi 
as 5, 6, occur. In type 6 the desee'neling limb of the* initial spike 
crosse's the isoedcctric level, giving rise to a se*e*,onel positive QRS 
deflection or R' wave. From type 6, the forms pass through various 
stages of M-shaped compleixes in which the notching may (type 8) 
or may not (type 7) cross the isoek'ctric leve*!. Types 9 to 12, inclu¬ 
sive, e'xhibit elownwardly directed initial effects of QRS. The com¬ 
plexes as a whole are W-shaped vibratory or truly W-shape'd (types 
9 and 10). In many of th(*sc a second positive QRS deflection, R', 
was present. Type 11 consists of diphasic (QR) complexes. The 
potential of the positive and negative phases of this type was suffi¬ 
ciently large to indicate considerable rotation of ;the cardiac electrical 

« The symbol 1)D+ means that the deflection wa.<; diphasic in leads I and II and monoidiasic in load 
III. Similarly -}- f--|- indicates a positive monophasic wave in all three leads, etc. 
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occurred most frequently in lead I. The occurrence of the various 
types in the three leads is presented in table 8. The predominance of 
types 2, 4, 11, 12, and 13 will be noted. 

Table 7. —Occurrence of the various deflections composing QRS in the three leads 



Occurrence of deflection — 
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Table S.— Distribution of the QRS types, represented in figure in the three serial 

electrocardiograms * 
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> Sinw tiu're woro 3 serial electroeardiograms for each of the 07 animals represented, the data for this tahh' 
were obtained from a total of 291 record.s (873 leads). 


In most instances QRS did not closely resemble QRS in the elec¬ 
trocardiograms of normal human subjects. This dissimilarity is pos¬ 
sibly due to one or both of two factors. (1) The electrical axis of the 
bovine heart lies in a plane relative to the three leads which is con¬ 
siderably different from the plane of the electrical axis of tlie human 
heart in respect to the same three leads. This is due to the fact that 
the position of the heart in the chest cavity is different in the two 
species, and since .the form of QRS depends in part at least on the 
relation of the electrical axis of the heart to the leads, this anatomical 
difference could partly account for the dissimilarity of QRS in the 
bovine and human electrocardiogram. (2) It seems" altogether prob¬ 
able that the spread of the impulse in the bovine heart may be differ¬ 
ent from that in man. Cardwell and Abramson (6) have shown that 
the distribution of the Purkinje network is different in the two species 
and the writers' observations on bundle branch block (2) tend to 
confirm this finding.^® 

The various types of QRS complexes seen in figure 2 occurred in 
numerous different combinations in the individual electrocardiograms. 
In fact they were so numerous that a separation of the electrocardio¬ 
grams into classes which would show similar combinations of QRS 

w The Impulse which activates the heart travels over a rather definite pathway of specialized conducting 
tissue. This tissue consists of (1) the bundle of His and its two bundle branches, one of which is distributed 
to each ventricle, and (2) the Purkinje network which consists of branches from the two bundles and con* 
veys the impulse to the ventricular muscle. When the conducting system is damaged experimentally (bun¬ 
dle branch block) marked changes occur in the electrocardiogram of the subject as a result of the altered 
conduction pathway. 
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types in the three leads resulted in such a conglomeration of groups, 
each consisting of only a few electrocardiograms, tliat this method 
became altogether unsuitable as a basis for a workable classification 
of the bovine electrocardiogram. However, when the type of QRS 
in lead II alone is considered, the electrocardiograms separate rather 
distinctly into four main groups. These four groups and the com¬ 
binations of QRS types which occurred within these groups are shown 
in figure 3. 

TYPE I 

The ty])c 1 group is characterized by R-wave predominance in 
lead JI. All variations of R waves (fig. 2, types 1 to 6) were seen, 
although types 4, 5, and 6 predominated. This main group may be 
separated into two divisions, the basis for segregation being the occur¬ 
rence of R waves in both loads I and II or in leads II and III. Gen¬ 
erally speaking, the type of R in leiui I or 111 is similar to that in 
lead II, although notching may occur in one lead without appearing 
in the other. The potential of R in leads I and II, or II and HI, is 
usually greater in these two leads than in the other lead wdien R 
occurs in that lead. 

7)/pe /, A, This type is characterized by R-wave predominance 
in leads I and 11 (fig. 3, Nos. 1, 2, and 3). Lead III shows mainly 
M-shaped QRS complexes (fig. 2, type 7), although QR type com¬ 
plexes (fig. 2, type 11) and complexes with R predominance (fig. 2, type 
5, b) mav appear. These are mainly of positive net area and of small 
]H>tential. 

7ype 1, 7i, This tvpe is characterized by R-^vave predominance in 
leads II and 111. QftS in lead I may be represented by R (fig. 3, No. 
7), QR (fig. 3, No. ()), or Q waves (fig. 3, No. 5). Vibratory M- or 
W-shap(‘d (‘omph'xes (fig. 3, Nos. 4 and 8) are also common. These 
complexes hit g(*nerally of small potential. The electrocardiogram of 
one animal which was included in this group consisted of R waves of 
type 1 (fig. 2) in all three leads. This was the only electrocardiogram 
of this type which was encountered. 


The tyj)e II group as a whole is charactcTized by a diphasic QRS 
(‘ompl(»x (fig. 3, type 11) in lead II. Generally the complexes in 
I(‘ads I and III are of opposite direction, a positive net area of QRS 
in lead I usually being accompanied by a negative net area of QRS 
in lead III and vice versa. 

The most common combination in leads I and III is Q (fig. 2, type 
12) in lead I accompanied by R of type 3, 4, 5, or 6 (fig. 2) in lead III. 
Twelve of 22 electrocardiograms in this group were of this type (fig. 
3, Nos. 9 and 10). The remaining 10 electrocardiograms show con¬ 
siderable variation in leads I and III. Four showed Q w aves in lead I 
accompanied by diphasic QRS in lead III (fig. 3, No. 11). Four 
were of positive net area in lead I and showed diphasic or W-shaped 
ORS in lead III (fig. 3, Nos. 12 and 13). Of the two remaining 
electrocardiograms, one displayed a diphasic (QR) type of QRS in 
lead I and an M-shaped QRS in lead III (fig. 3, No. 14) and the other 
a W-shaped QRS in lead I and an M-shaped QRS in lead III (fig. 3, 
No. 15). 
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Figure 3. —Types of the bovine electrocardiogram. The Arabic numbers indicate 
variations of the basic types which were found to occur. The arrangement of 
the leads is I, II, and 111 from top to bottom. 

TYPE III 

The type III gi'oup includes all electrocardiograms which are of 
imiformly small potential in all h'ads. While some resemblance to 
electrocardiograms of the preceding two groups may be seen in a few 
instances, considerable variation from month to month is encountered, 
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and the potential of these complexes is so small as compared to the 
potential of the principal deilections in types I and II that inclusion 
in any other group is not justified. 

Within this group M- and W-shaped QRS complexes (fig. 2, types 8, 
9, and 10) predominate in lead II. The most commonly occuring 
combinations are: (1) M-shaped QRS in lead II and diphasic or M- 
shaped QRS in lead III with R in lead I (fig. 3, No. 16); (2) M-shapc 
complexes in leads II and III (fig. 3, No. 17); (3) M-shapcd in lead II 
and W-shaped in lead III with R in lead I; (4) W-shaped in lead II 
and M-shaped in lead III; and (5) W-shaped in leads II and III (fig. 
3, No. 18). Six electrocardiograms placed in this group rather closely 
r(»semhl(‘ those of typ(' II in that the comph'X in lead 11 tends to be 
diphasic*. However, since* there* was some variation in successive 
tracings tending toward M- and W-shaped complexes in lead II and 
since the potential was small in all three* leads, they have been in- 
e luded in this group (fig. 3, No. 19). In a few instanct*s the potential 
of QRS in all thre*e* le*ads was so small and the complexe*s so poorly 
ele*fine*d that QRS was practically nonexistent (fig. 3, No. 20). 

TYPE IV 

The main charae‘te‘ristic of tlie* type* IV group, compose*d of 0 of the 
97 animals, is the* pre*elominance of Q (fig. 2, type* 12) in at least two 
le*aels e)f the ele*ctre)cardmgram. Four of th(*se show Q predominance 
in leads II anel III ae*companie*d by Q of small potential in lead I (fig. 
3, Nos. 21, 22, anel 23). One shows e*fl*e*e*ts similar to the above in 
le*aels II anel III with elinhasic QR in le*ad I, and one* e*onsists of Q in 
le*aels I and II with j)oorlv elefim»el complex(*s she)wing a negative net 
are*a in leael 111. 

M OF TYPES I TO IV 

The* e*lee*tre)carelie)graius of 10 e)f the 97 animals classify unele*r type 
1, A; 42 uude*r ty])e* I, B; 22 unde*r type II; 17 unele*r type HI; and 
einly ti iineler type IV. Kle'e*lrocareliograms which e*lassify in types I 
and 11 se*e*m to be typical of a large proportiem of the cattle (76.3 per- 
e*e*nt) use*el in this stiiely, while a e*onsieIerably smalle*r propejrtion fall 
in type*s III and IV. VVlule* minor varialiems occur within each group, 
the maje)r divisions are* ge*ne'rally ejuite elistinct, and it is suggeste*d 
that the*se groups be* iise*el, at le*ast fe)r the* prese*nt, as a basis for the 
e'lassification of the* bovine e*k*ctre)cardiograin. 

The T Wave 

The ele*f!e*ction T, like the 1^ wave*, pre*sented e*haracte*ristics rarely 
encountere*d in human tracings. Diphasic T wave*s occuiTe*d much 
more free|ut*ntly than the*y do in the* human subject. Thc'y were 
usually present in one or more leads of most electrocardiograms. 
Monophasic waves resemble those see*n in the human subject except 
that the summit tends to be more pointed. A great proportion of 
monophasic T waves, e'spe'cially in le*ads I and II, were negative while 
those in lead HI were mainly positive. One limb was often more 
(piic'kly exc'cuted and therefore finer in outline than the other. Diphasic 
wave's*were largely characterized by slow broad initial and tenninal 
deflections, the movement of the string during change in direction of 
pote'ntial being usually quite rapid. The seaucnce of events, as with 
diphasic P, was, with two exceptions, an initial negative phase followed 

400728—42-2 
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by a positive phase. The various types encountered are shown in 
figure 3. Triphasic T was seen only once and was absent in succeeding 
electrocardiograms of this one individual. Low potential undeter¬ 
minable T wav(*s were present only eight timers and complete absence 
of T was never observed. 

Monophasie T was most frequently seen in lead I (79 times) and 
appeared about equally in leads II and III (27 and 29 times, respec¬ 
tively). Diphasic T waves were most numerous in leads II and III 
and showed a negative n(‘t area in 107 of the 146 leads in which this 
type of dcdlection occurred. 

Only 19 of the 64 possible combinations of th(' various types of T 
in the three leads of the individual electrocardiograms occurred. 

The three most frequent combinations were — DD (37 times),-D 

(17 times), —D+ (13 times). This accounts for 69 percc'iit of the 97 
animals constituting this series. When monophasie T occurred in 
only one lead it was always in lead I or III, iiever in II. Its oc(‘iir- 
rence in II was always coincident with monophasie T,, T 3 , or both, 
simultaneous appearance in leads 1 and II being the most frequent 
combination. When diphasic T occurred in only one lead it appeared 
most frequently either in lead II or 111. When ]>resent in more than 

Tabi.e 9 . —Su7nmary of the occurrence of varioua combinations of T waves with 
respect to leads in. the fu'st monthly tracings ‘ 
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- Triphasic wave with sliKhtly iXKsitive net area. 

one lead the most fretpient combination w^as in leads 11 and 111. 
Table 9 summarizes the occurrence of the various combinations of T 
which were encountered. 

THE POTENTIAL OF THE ELECTKOCARDIOCJKAPHIC DEFLECTIONS 

As may be judged from previous discussion there was great- 
variation in the potential of the scwcral deflections. Table 10 shows 
the minimal, maximal, and mean values of the potential for each wave 
as they were observed in the three leads. 
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Table 10 .—The potential of the deflection in the 3 leads 


Deflection 

Lead 

Mini¬ 
mal > 

Maxi¬ 

mal 

Mean 

Deflection 

Load 

Mini¬ 
mal 1 

Maxi¬ 

mal 

Mean 



mm- 

mm- 

Milli- 



Milli- 

mm- 

Milli- 



volt 

volti 

volt 



volt 

volts 

volt 



[ I 

0.03 

0.12 

0.06 



I 

0.03 

0.20 

0.06 

r .. 


n 

.03 

. 18 

.10 

8. 


II 

.03 

.10 j 

07 



III 

.03 

.22 

07 



III 

.03 

.26 

.12 



1 I 

.03 

.60 

.23 



I 

. 10 

.20 1 

.15 

Q . 


11 

.03 

1.00 

. 16 

R' . 


II 

.03 

.10 

.11 



in 

.03 

.90 

.11 



III 

.03 

.20 

.10 



1 I 

.03 

.70 

.16 



I 

.03 

.60 

.20 

R . 


ii 

.03 

2.60 

.37 

T. 


II 

.03 

1.10 

.31 



in 

.03 

.fiO 

.35 



III 

.03 

.90 

0 18 


1 "I'iuw values do not represent the absolute minimum since any deflection with a potential smaller than 
0.03 millivolt cannot be accurately measured and was arbitrarily given this value. 


The minimal values were equal in all three leads for every deflection 
with the exception of R' in one instance (lead I). The largest deflec¬ 
tions of P were found in leads 11 and 111. Lead II, however, showed 
th(' gn^atest mean value for this deflection. Nondeterminable P waves 
wi're frequently found. These occurred 28 times in lead I and 17 times 
in lead III, and therefore the values shown in table 10 do not represent 
(he absoluti' minimum in these leads. No other deflection showed such 
a high incidence* of nondeterminable waves. Maximum values for Q 
occurred in leads II and III, and the highest mean value was found in 
h‘ad I. In the case of R the greatest deflection was found in lead II, 
although the mean values for R were about equal in leads II and III. 
Th<* pott*ntial of S was uniformly small as compan*d to the other de¬ 
flections of QRwS. The greatest value observed as well as the greatest 
mean value was found in lead HI. While R' showed maximal values 
of 0.20 millivolt in leads I and 111 and a mean value of 0.15 millivolt 
in lead 1, the significance of these values and of the deflection itself is 
doubtful. Since R' occurs infrequently and is then uniformly of low 
p()t(»ntial, and since it is usually associated with bizarre, splintered R 
waves and is subject to considerable variation in succe*ssive tracings, 
it could more justifiably be disregarded. According to Katz and as¬ 
sociate! {14)f Ibis is the usual practice when R' occurs in lead HI 
of human (dectrocardiograms. The largest potential of T was found 
in leads H and HI. Lead H showed the largest mean value for the 
poUuitial of this deflection. 

Since it is recognized that the potential of the QRS deflection may 
be correlated witli the nutritional state of the heart muscle in the 
human subject, and since the largest deflection seen in any lead of 
the eletrocardiograni is used os a basis for this comparison, the great- 
(*st potential of the various deflections in the fimt record obtained on 
each individual has been determined. These values, shown in table 
11, are not comparable to those in table 10 since the values there 
shown include the potential for every deflection observed. With the 
exception of the P wave the values showed considerable variation. 
Q was absent in all leads in 10 instances, S was absent in the electro¬ 
cardiograms of 54 animals, and R' was absent in 69 records. The 
occupence of low potential QRS in all three leads in some electro¬ 
cardiograms of apparently normal cattle (see fig. 3, type III), how¬ 
ever, indicates that the size of the potential of QRS deflections as an 
index of the nutritional state of the heart muscle may not be applic¬ 
able to cattle as it is in the human subject. 
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The data given above offer no opportunity for broad generaliza¬ 
tions concerning the potential of the various deflections beyond the 
fact that Q and S were generally of smaller potential than R and T 
and were absent in all leads of the electrocardiograms in a fairly large per¬ 
centage of the animals studied, whereas R and T were always present. 


Table 11. The potential of the deflections of the bovine electrocardiogram when 
only the largest observed deflections were considered 


Brt’od 

P 



Q 




R 


Min¬ 

imal 

Max¬ 

imal 

Mean 

Stand¬ 
ard er¬ 
ror of 
mean 

Min¬ 
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ard er¬ 
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mean 
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Max¬ 
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Mtlli- 

Mini- 
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Milli- 
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volt 
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volt 

volt 

volt 


volt 

volt 

volt 


Jersey_ 

0 10 

0. 20 

0 13 

0.0049 

0 0 

0 fio 

0 22 

0 0370 

0 10 

2 00 

0 02 

0 1021 

Guernsey-_ 

05 

22 

. 11 

. 0(Mi5 

03 

1 00 

30 

0480 

. 10 

. 05 

34 

0433 

Ayrshire_ -- 

03 

13 

08 

0070 

.0 

.40 

15 

0333 

20 

1 00 

39 

0002 

Brown Swiss 

05 

18 

10 

(M)72 

03 

.80 

25 

0401 

10 

(IS 

30 

0.5(14 

Holstein 

03 

12 

00 

00.50 

0 

.40 i 

00 

0278 

10 

1 10 

. .39 

0.5.32 

Total (all breeds). 

0 03 

0 22 

J’'! 

0 0031 

0 

1 00 ! 

0 21 

0 0197 1 

! 

0 10 

2 00 

43 i 

1 

> 0 0330 




s 



] 
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T 


Jersey . 

0 

0 50 

1 

0 04 1 

0 0210 1 

1 

0 1 

0.20 1 

0 02 ' 

0 0114 i 

0 15 

0 70 

0.32 

0 0257 

Guernsey _ 

0 

20 

04 1 

012(i 1 

0 ' 

20 

1 02 ! 

0102 i 

10 

90 

I 24 1 

0351 

Ayrshire 

0 

.30 

07 ! 

0223 1 

i 

20 

00 1 

0194 ) 

15 

70 

1 33 1 

0419 

Brown Swiss 

0 

10 

01 1 

.0058 ! 

0 i 

15 

1 01 

0085 , 

18 

00 

1 35 

0205 

Uolstein 

0 

30 

07 1 

0208 1 

0 

20 

! 001 

0134 1 

15 , 

: 701 

13 ! 

0334 

Total (all breeds) 

0 1 

0 50 j 

0 04 1 

0 0081 1 

0: 

0 20 

; 1 

1 0 03 , 

1 1 

0 0057 

0 10 ; 

; 0 90 

0 33 1 

0 0li>l 


VARIATIONS IN THE DEFLECTIONS OP THE BOVINE ELECTROCAHDIOCIUAM IN 

SUCCESSIVE TRACINGS 

Pronounced variations in the deflections from month to month 
were not frequent. This vus particularly tiue of tin' deflections of 
th(‘ QRS complex. Minor changes, howcwer, W(‘r(‘ rather nuimu-ous. 
Figure 4 illustrates tlie variations encountiucHl. 

Monthly changes in P occurr(»d mon* fr(*qu(‘ntly in th(' low potcuitial 
waves; this was especially true in lead 1 and to a lesser ext(Uit in 
lead III. The principal variation was in ])(>t(uitial. P may b(' totally 
absent one month and present another (fig. 4, a, b, e, and /). A 
similar variation of P may occur within a l(*ad (fig. 4, lead 111, k). 
In one subject (fig 4, lead 1, c) there was a reversal of potential. Tln» 
other major variation in P was a change in tlnr form of this wav(\ 
Diphasic P waves with positive or negative net area often changed 
to monophasic P in a subs(»quent tracing. Similarly, monophasie P 
frequently changed to diphasic P. These* changes are illustrateil in 
figure 4, c, and h. 

Monthly changes of the deflections composing the QRS complex 
were not marked. Minor variability in low potential Q and S waves, 
in the form of QRS characterized by diphasic, M-, or W-sliaped 
complexes, and in R waves was fre<|uenUy seen. Various d(^grees 
of coarsening and notching of R in successive tracings w'(*re observed 
(fig. 4, a, 6, c, r/). The changes showed no definite trend, there 
being no correlation between notching in one tracing and coarsening 
of the downstroke in the others. Subjects g^ hj and i (fig. 4) 
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show, in addition to R and Q wave changes, variations in the vibratory 
type of QRS which were so frequently encountered. The change 
here was almost invariably an increase in the excursion of the descend¬ 
ing limb of the first spike which was often sufficiently great to cross 



tlie isoelectric level. Similar changes in the ascending limb of the 
initial spike occurri'd where vibratory QRS complexes were of negative 
net area. 

Monthly variations in the T wave were more striking than those 
of any other deflection, although no very definite trend was noted. 
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These changes were not associated, as was the cas(^ with 1^, with low 
potential waves. The principal variation seen w^as from a diphasic 
to a positive or negative monophasic wave or vice versa, and this 
change w^as not alw ays in the direction of the predominant wave of 
diphasic T in previous tracings. Figure 4, a, c, A, /, and illustrates 
typical variations. In view^ of the foregoing observations, it is apparent 
that variations in the T wave in succeeding ti-acings do not have the 
same significance as do changes in T in the human subject. 

No variations were found to be correlated with stagt' of pn^gnancy, 
heat, or stage of lactation. Non* {18) likewise was unable to detect 
any differences in the electrocardiogram of cattle following parturi¬ 
tion. However, it w^ould b(‘ desirable to obtain records over tin* 
wdiole period of gestation and lactation in order to determine the effect 
of these factors more* accurately. 

The electrocardiograms have been examim^d for changes within 
leads. Marked variations were noted in only a f(»w^ instanci‘s. 
Changes accompanying the various phases of respiration such as have 
been described in the human subject and b}^ Ndrr (18) in calth' w ere 
not observed in this series. Slight differences in the poUuitial of QRS 
(0.05 to 0.10 millivolt) were frequently observed. Occasionally varia¬ 
tions in potential within a l(»ad WTre accompanicHl by alti'rations in the 
type of complex (fig. 5, Nos. 1 and 2). When periods of restlessness 
occurred wdiile the record was being taken, distinct chang(*s in tlu' 
electrocardiogram were noted in a few instances in that ])ortion of 
the record subseqiKmtly obtained. These are shown in figun* 5, Nos. 
3 and 4. 

THE ELECTRICAL AXIS OP QRS IN THE BOVINE HEART 

The electrical axis of QRS was in the range from +30® to +90® for 
50 percent of the animals. The electrical axis in another 17 pen^uit 
was in the +91® to +170° rang(\ Only 17 percent were grouped in 
the —30® to —170® range, wdiile 6 percent showed the extreme <levia- 
tion of 180®. No values were found between 0® and +30® or b(»twe(*n 
0® and —30®. These data are shown in table 12. 

The electrocardiograms of nine animals w^n^ of such a nature that 
it was impossible to determine the (dectrical axis ('ven approximately. 
These electrocardiograms W(‘r(‘ generally charact(‘rized by unfavorable 
QRS types (diphasic and vibratory) of small potential in two or rnon* 
leads (fig. 3, nos. 17 and 18). 

Table 12 .—The occurrence of the various electrical axes of QRS 


I 

Range 


Breed 

+30° to 
+90° 

+91° to 
+170° 

-30° to 
-90° 

ii ! 

180° 

Non* 

deti‘rnu- 

nable 

Jersey... 

13 

5 

0 

3 

2 


Guernsey.. 

7 

5 

4 

3 

2 


Ayrshire.. 

6 

1 2 

1 

0 

1 


Brown Swiss---.. 

8 

5 

0 

3 

1 


lloJstein... 

14 

0 

2 

1 

0 


Total.-. 

48 

17 

7 

10 

6 
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Fkmtuk 5. Iiitralead variatituiti in four boxiiie eloctrocardiograms. In order 
to iuclu It; sigriitit;a]it portions of the reeords, a few complexes were cut from 
the middle of nos. 1 and 3. 

The (‘lootrieal axis showed some variation in siice(*edinj^ monthly 
tracings. Differences siiRieienlly great to be detectable by the method 
of analysis employed were seen in 2() animals, but these were not 
extrem(‘. Howevtu*, since changes did occur, they must be taken 
into account in drawing conclusions from experimental procedures 
which involve repeated reconls. The variations in electrical axis 
which occurred in successive tracings are ascribt'd to the relatively 
greater mobility of the bovine heart as compared to the human 
heart. Katz and his associates {IS) have observed similar effects 
in the dog, in which the heart likewise shows greater mobility that 
it does in man. Table 13 shows the incidence and the distribution 
of the axis variations from that present in the first monthly tracings. 









































84 


Journal of Agricvliural Research 


Vol. 65, No. 2 


BcH^ause of tho methods employed and the general unfavorablcness 
of some tracings, the data presented in this section are only of the 
most general nature. More detailed study concerning the spread of 
the impulse in the bovine heart and other factors which may determine 
the form of QRS in this species is essential before definite conclusions 
can be drawn. 

Table 13.- The occurrence of axis varmiiojis in successive tracings ^ 



SUMMARY AND CONCLUSIONS 

Three seiial electrocardiograms, taken approximat('ly I month 
apart, were obtained on each of 97 normal dairy cattle. The data 
derived from an analysis of tln^se n^cords ma}^ be bri('fly surnmarizi'd 
as follows: 

(1) The heart rate of tin* cattle as a whole avt'raged 71. ti Ix^ats 
per minute. The rate for animals up to 1K» years of age, howev(‘r, 
was significantly greater than this (82.5), while for animals over l^ 
years of age the rate was 1ow(t (07.8). Tlu'se figures j)robably rc'pn*- 
sent fairly closely the average rat(‘ for normal (lairy cattle. 

(2) The duration of the PR interval rangcnl from a minimum 
of 0.10 second to a maximum of 0.30 second, with an average of 0.19 
second. The QRS inhu val averaged 0.09 s(‘cond. The distribution 
of the values about the mean for this interval was quite close, tht‘ 
minimum and maximum duration being 0.00 and 0.12 second, respec¬ 
tively. The QT int(‘rval ranged from a minimum of 0.29 second to a 
maxmium of 0.47 second with an averag(* duration of 0.39 second. 
The duration of QT and, to a lesser extent, of PR was inv(‘rs(*ly ])ro- 
portional to tlu' heart rat(\ Tlu' QRS interval also vari(‘d with In^art 
rate but this effect was not as pronoun(*ed nor as constant as with th(» 
PR and QT intervals. 

Variations in int(»rval length which w(»r(‘ not. corndatcHl with rate' 
occurred fre(juently in th<‘ same individual. The most ])rouounced 
differences were seen in the QT interval. Smaller variations were 
found in the PR interval and still smaller in th(‘ QRS. Many of 
th(‘se changes were associated with variations in the form of th(» various 
d(»flections and with poorly defined defl(H*tions in c(M*tain leads, espc'- 
cially lead I. 

(3) The systolic index as determined by Baz(‘tUs formula rangcnl 
from 0.34 to 0.48 with an average of 0.418. Individual monthly 
variations of 0.001 to 0.030 were not uncommon. The index was 
relatively constant in the electrocardiograms of animals over 1 K> years 
of age and for animals with heart rates in tln^ range of 50 to 90 beats 
per minute. 
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(4) The form and occurrence of the various deflections is discussed. 
Briefly, P and T were frequently of the diphasic type. P was infre¬ 
quently absent. R was invariably present in leads 11 and III; Q 
occurred with great frequency and was usually quite small. S waves 
were not particularly numerous. The form of QRS showed consider¬ 
able variability. The forms of this complex which were observed have 
been grouped into several different types. All these deflections showed 
minor variations from month to montli, particuilarly QRS and T. 
A classification of the bovine electrocardiogram based on the form of 
QRS in lead II is sugg(*sted. 

(5) Th(' potential of the sc^veral deflections was gemu’ally small. 

(fi) The electrical axis of QRS ranged from +30° to +180° and 

from —30° to —170°. Fifty percent of these were in the +30° to 
^ 90° range. 

(7) The (d(‘ctrocardiograms of the various individuals were appar¬ 
ently unaff(‘ct(Hl by tin* bnaal of the animal. No charactcMistics pecul¬ 
iar to any one breed were* observe^d. Similarly, the stage of gestation 
or of lactation exerted no apparent effect. 

From the data, presented the following conclusions seem warrant(‘d: 

(1) Bovine* electrocardiograms can b(* classified into four main 
groups, th(* form of (JRS in l(*ad II being used as a basis for separation. 

(2) In only om* n‘spect does the boviiu* electrocardiogram closely 
r(*sembl(* that of tin* human subject. The interval lengths are nearly 
alik(‘ in the two sp(*ci(*s, which indicates that, considering the greater 
mass of the bovine h(‘art , tin* spr(*ad of tin* impulse is relativ(*ly faster 
in this sp(*ci(*s. In all oth(*r r(*spects no V(*ry close resemblance was 
obs(‘rv(*d. The form of the s(*veral deflections was in general mark(*dly 
difl\*rent and tin* pot(‘ntial of thes(* deflections w(*re smaller in the 
bovine than in tin* human subject. 

(3) Variations in interval length and in the form and potential of 
the various d(*flections occur mu(‘h more frequently in the bovine than 
in the human (*h*ctrocardiogram. For this r(*ason tin* significance 
of change's in size* of potential as an iinlieation of the nutritive state 
of tin* boviin* ln*art is sonn'what doubtful. Likewise changes in the 
form and direction of T wav(*s has not the same significain'e that it 
luis in tin* human subject. 

(4) The eh'ctrical axis of QRS varied within a very wide range, and 
with tin* methods at the writers’ disposal for its determination, no 
very definite limits could be set. 
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PYTHIUM DISEASE OF FIBROUS-ROOTED BEGONIA 
AND ITS CONTROL* 


By John T. Middleton, junior plant pathologist, California Agricultural Experi^ 
ment Station; i\ M. Ti i’ker, chairmaUj Department of Botany, Missouri Agri¬ 
cultural Experiment Station; and C. M. Tompkins, assistant plant pathologist, 
California Agricultural Experiment Station. 

INTRODUCTION 

A serious crown and sU^m disease of fibrous-rooted begonia {Begonia 
semperflorem Link and Otto) jdants, variety Fire Sea, was observed 
in out-of-door plantings at Berkeley, Calif., in July 1937. During 
the following winter, a similar disease^ was found on Carmine, Christ¬ 
mas Ch(»er, and Priniadonna fibrous-rooted b(*gonia plants in a green¬ 
house at Columbia, Mo. A jireliminary report on this disease has 
already been published (J)^; this paper presents more complete results 
of a joint investigation of this disease. 

REVIEW OF LITERATURE 

Only a h'w refiorts ap])(*ar in tin* literalur(‘ of a begonia disease 
which r(‘S(‘mbles the condition found by the writiTs. 

In 1925, Braun (1) reported successful inoculation of begonia plants 
with cultures of PijthiutH dehanjannm H(‘sse, F. deharyarnim var. 
pelargonii Braun, and F. ^plendenn Braun, which produced a soft, 
darkened sUun rot and subs(‘(juent collapse of tlu^ plants. Pape (5) 
in 1927 reported a d(*cay of pidioles and blades of the Gloire de 
Lorrain(‘ b(»gonia {B. socofrana llook.X B. dregei Otto and Dietr.) in 
(}(‘rmany and indicatiul that F. dehanjarntm was probably responsible 
for th(' propagation disease. More re(*(‘ntly Pa|)e confirmed this 
r(»port in Fotsch (J) and added that this and other sp('ci(‘s of 
w(‘re inv()lv(*d. Flaclis (^) also reports F. debaryarium to be respon¬ 
sible for a smiling disease of Bvgouki sp. in (iermany. Sharpies (6*), 
in 1930, recorded a rot of an unidentified species of begonia, caused 
by I\ sphndens, occurring in Malaya. A disease of fibrous-rooted 
begonia occurring in tin* Cnited States and comparabh' with the one 
now under discu.ssion was di'scribed by Swift (?) in 1932. She found 
that the crown ami soft stem rot of begonia was caused by a fungus 
ide!Uifi(‘d as ]\ dihanjanum. 

SYMPTOMS OF THE DISEASE 

The disease aflects the crown, basal stem, and leaves of the plants. 
Symptoms of the disease are identical for the varieties Carmine, 
C'hristmas (Mieer, Fire Sea, and Primadonna. In naturally infected 
plants, the crown and basal portion of the stem become somewhat 
discolored, water-soaked, and soft. Within a day or two, under 
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favorable conditions for the development of the disease, infection may 
progress upwards 2 or 3 inches, causing the stem to collapse (figs. 1 
and 2). The basal leaves are often infected in severely diseased 
specimens. The petioles become limp and dark, the blades water- 
soaked and flaccid; subsequent abscission of infected leaves is not 
uncommon. The fibrous roots, in contrast to the susceptible stems 
and leaves, are usually not attacked, infection of the plant generally 
taking place via the crown. 

Young succulent begonia plants are more susceptible than old, 
woody plants. This may be accounted for by the fact that the fungus 
is confined largely to the parenchymatous cells of the cortex and stele. 
In older plants considerably more vascular tissue is present which 
impedes the progress of the pathogen. 

It was noted that when potted plants were grown in close proximity 
to one another the disease assumed considerable importance. In 
such cases, the disease is distributed throughout the plant by means 
of leaf infection, since the lower leaves of the plants are usually in 
contact with each other. When similar plants were set apart the 
disease developed only occasionally. Excessive watering was found 
to be conducive to the development of the disease, especially when the 
plants wci'e watered by a sprinkling system. Temperatures favorable 
to infection range from 60° to 70° F. 

THE CAUSAL FUNGI 

Isolations made from the Berkeley, Calif., material yielded a 
pythiaceous fungus which formed numerous acrogenous, smooth, 
spherical, thin-walled sporangia which measured 18 to 22 rnicra in 
diameter. The sporangia germinated by the production of one to 
four germ tubes. Occasional terminal, smooth, spherical, thin-walled 
oogonia were observed when the fungus was grown on potato-dextrose 
agar. These were usually indistinguishable from the sporangia and 
only positively identiiied as oogonia when oos])ores wore contained 
therein. The antheridia were monoclinous, one to an oogonium, 
somewhat swollen, short and upcurved, the tip in narrow contact 
with the oogonium. The antherklia always originated from the 
oogonial stalk immediately below the oogonium. Oospores were 
smooth, spherical, thick-walled, not completely filling the oogonial 
cavity. The fungus was identified as Pytldum ultimum Trow. 

So far as the writers are aware, this is the first re(*ord of Pi/thhirn 
ultimum from begonia. 

Isolations from the Columbia, Mo., material yielded three pythia¬ 
ceous organisms. One of these was identical with the Berkeley 
isolate, Pythium ultimum. One other produced numerous acrogenous 
and intercalary sporangia which germinated by means of one to five 
germ tubes. The terminal sporangia were somewhat larger in diam¬ 
eter than mentioned above for P. ultimum j and measured 21 to 26 
micra. The intercalary sporangia were barrel-shaped. The oogonia 
produced when the organism was cultured on potato-dextrose agar 
were largely terminal, though occasionally intercalary. Acrogenous 
oogonia were smooth, spherical, and thin-walled. The several 
antheridia produced were both monoclinous and diclinous. When 
monoclinous they did not arise immediately below the oogonium on 
the oogonial stalk as stated in P. vltimumj but from a more distal 
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Fim uio 1.— PytIlium disoaso of fibrous-rooted bej^onia: A, Xoii-inoculated con¬ 
trol: li, symptoms produced on fibrous-rooted beRonia plant, variety Fire Sea, 
by Pythium ultimum after inoculation in the j^recnhouse. 



Fiuurk 2, “^Pythium disease of fibrous-rooted begonia: A, Stem from noninocu- 
lated control; By symptoms produced on stem of fibrous-rooted begonia plant 
by Pythium ulUmum after inoculation in the greenhouse. 
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position. When one to two anthericlia were present, both wore 
usually monoclinous. However, when more than two were present 
some were of diclinous origin. In no instance were all the antheridia 
either monoclinous or diclinous when three or more were present. 
The oospores were smooth, spherical, fairly thick-walled, and did not 
completely fill the oogonium. This organism conformed to the de- 
scmtion of P. debaryanyrn Hesse and was identified as that species. 

The other fungus produced an abundance of smooth acrogenous, 
spherical, thin-walled sporangia which measured 32 to 40 micra in 
diameter. The contents were dense and finely granular; one to two 
large oil globules WTre present wdiich measured 4 to 7 micra in diam¬ 
eter. (Jermination occuired by the ])rodu(dion of one to five germ 
tubes. Though sexual reproduction was not observed, the sporangia 
w^ere so conspicuously different from those of other species of Pythium 
found in this group that it w^as identified as P. splendens Braun. This 
determination was confirmed by a compaTison with known isolates of 
P. sjdendens. This is the first record of P. splendent from naturally 
infected fibrous-rooted begonia in the Ihiited States. 

The relation of temperature to gi’owtli of the mycelium was deter¬ 
mined for two isolates of Pythium vHlmum, one from (California, the 
other from Missouri, and for one isolate each of P. debaryanum and 
P. Rj^lendenH. The culture tubes (2.1 bv 20 cm.) used and the pro¬ 
cedure follow^ed are those previously ('lescribed by Tompkins and 
(iardner {8). Each t ube is provided w ith a glass dam at the open end ; 
13 ml. of Difco corn-meal agar (pH O.t)) is added to each tube and 
allowed to cool to a uniform depth in a horizontal [)osition, the dam 
preventing the escape of the liquid agar. 

The tuoes arc inoculated near the dam at the open end w ith a small 
potato-dextrose agar block containing the mycelium of the fungus cut 
from 3-day-old Petri dish cultures. Inoculated tubes are left at room 
temperature for 24 hours, the extenl of growth at the close of that 
period being indicated by a wax-pencil mark on the tube; subseciuent 
measurements are made from this ])oint. 

Three tubes of each isolate are placed in a horizontal position in 
controlled temperature chambers at intervals of 3° from to 43° C. 
The cultures are incubated for a 72-hour period. The cardinal tem- 
])cratures are based on the extent of mycelial growth in the culture 
tubes. 

The minimum temperature for growth of Pythium d(banjauum is 
approximately 4° (/., the optimum 28° to 31°, and the maximum 
37°. The minimum temperature for growth of l\ splendent is 
approximately 10°, the optimum 28° to 31°, and the maximum 34°. 
The minimum temperature for grow th of P. ultlmum is approximately 
4°, the optimum 25° to 28°, and the maximum 37°. 

Pure cultures of Pythium ultimum, P. debaryanum, and P, sphmdens^ 
isolated from the stems of diseased, fibrous-rooted begonia plants In 
California and Missouri, were used in the infection experiments. 
Inoculum was prepared by growing the isolates on sterilized, moistene(l 
cracked wheat. It was added in uniform quantity to autoclaved soil 
in 6-inch pots, each containing a young plant, variety Fire Sea, in a 
manner designed to avoid wounding the roots or stem. Sterilized 
cracked wheat was used for the noninoculated controls. The plants, 
grown in a greenhouse at temperatures ranging from 55° to 65° F., 
were watered heavily each day to provide favorable conditions for 
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infection. Of 20 plants inoculated with each species of Pythium^ all 
became diseased, while the 20 control plants remained healthy. The 
fungus was reisolated from each infected plant, and the reisolates 
proved pathogenic when tested on healthy plants. Symptoms on 
artificially infected plants were identical with those of naturally 
infected plants. 

EXPERIMENTAL HOST RANGE 

The experimcuital host range was determined only for Pythium 
ulthnum, and the technique involved was that described for the 
pathogenicity tests. Reisolations were made from all diseased plants, 
and the reisolatc' of the fungus from a particular host was then tested 
again by inoculation. 

As it is generally conceded that Pi/fhium ultimum attacks a large 
variety of hosts, it was thought advisable to try to ascertain its 
pathogenicity to a wide selection of plants, many of which might be 
grow^n in conjunction or rotation with fibrous-rooted begonia. The 
fungus proved pathogenic to young plants of eight species in eight 
geiKU-a repn^senting eight families: Spinach (Spinacia oleracea L.) var. 
Bloomsdale, sw(*et-wiTliam (DUinthus harbatus L.), rocket larkspur 
(Delphinium ajacis L.), (*auliflower (Brassica^ oleracea L. var. botrytis 
L.), mignonette (Remla odorafa L.), Oodetia grandijlora Lindl., 
Schizarithtis pinnafus Ruiz and Pav., and cucumber ((Jttcumis sativus 
L.). J^'rhaps tin* host rang(' could hav(» been extended if only v('rv 
young seedlings had been used or if seeds had been sown in experi¬ 
mentally infi'sted soil. This technique would n'veal the ability of the 
fungus to cause damping-off and would not necessarily be indicative 
of its efficacy as a root- or stem-rotting agent of more mature plants. 

No infection was obtaiiUMl on the following plants, representing 34 
specie's in 32 genera of 19 families: 

Aizoaeoao: 

Iccplaiit {Mesrrtihryanthemfim crystaUinum L.) 

Aiuaranlhac(;ao: 

C'ocksconib {Cclosia argentea L. var. cristata Kuntzo) 

Campanulaceac: 

(’anterbury-})clls {(\unpanvla mfUiuw L.) 

('aryophyllacoai*: 

('ariiatioii {Dianfhus ran/ophyllus L.) 

('onipositae: 

Transvaal daisy {Gvrhvra jamrsoriii Hook. var. transvaalnhsis Hort.) 

C’hina-astcr {Gnlhittt'phus chnicnsis Noes) var. (liant Branching White, 
\\;ilt resistant 

French marigold i7\igrtt's pntula L.) 

African marigold ( Tagetas ertrta L.) 

Hybrid cineraria {Svnrno crtu'ntuH DC') 

Gaillardia pulchvUa Foug. var. picla Gray 
C'nicifcrae: 

Cabbage {Brassica oleracea L. var. vapitata L.) 

Radish (Naphanus saiivun L.) 

Dames violet {Hesperis matronalis L.) 

Annual stock (Matthiola incana R. Br. var. annua Voss) 

Dipsacaccae: 

Mourning bride or pincushion flower (Seahiosa atropurpurea L.) 

Labiatae: 

Flowering sage (Saltfia farinacea Bonth.) 

Ixjguminosae: 

Broad bean (Vida faba L.) 

Malvaceae: 

Hollyhock (Althaea rosea Cav.) 

40072S 42 
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Papaveraceae: 

Iceland poppy (Papaver nudicaule L.) 

Oriental poppy {Papaver orientale L.) 

California poppy {EschftchoHzia calijornica (Uiain.) 

Polemoniaccae: 

Phlox drummondii Hook. 

Paruinculaceao: 

Poppy anemone {Anemoiie coronaria L.) 

liovo-in-a-mist {Nigella damascena L.) 

Hybrid delphinium {Delphinium cultoriuu Voss) 

Meadowrue {Thnlictnnn dipterocarpum Franch.) 

Rosaceae: 

Geum chiloense Balb. 

8crophiilariaceae: 

Snapdragon {Antirrhinum majus L.) 

Pentstemon or beardtongue {Pentstemon barlmtus Nutt.) 

Solanaceae: 

Tomato {Lyropersicon escnlenium Mill. var. vulgare Bailey) var. Early 
Santa C'lara Canner 

Tobacco {Nicoliana tahacum L.) var. Turkish 
Tropaeolaecae: 

Garden nasturtium {Tropaeohnu majus L.) 

Umbelliferac: 

CVlery {Apium gravcolens L. var. duJer ])(*.) 

Violaceae: 

Pansy {Viola tricolor L.) 

Pure cultures of Pythium deharyanum, P. splendcnHj and P. 
when added to 6-inch pots containing sterile soil and sown to tomato, 
caused approximately 90 percent damping-ofl*. 

DISCUSSION 

In commercial practice, fibrous-rooted begonia plaids aiv pro])a- 
gated from cuttings. Since the causal organisms an» soil-bornc' fungi, 
the disease may be controlled in the greenhouse by steam sterilization 
of flats and soil. Also, proper spacing and careful wat(‘ring of plants 
are necessary if the disease is to be controlbnl in the early stages of 
growth of rooted cuttings. 

When transplanted to beds out of doors, tlu' young begonia plants 
are again exposcul to infection from the soil. Tlie degi’ce of inflection 
could b(e< materially lowered by k(‘eping the plants ‘‘on the dry side."' 
All varieties testi'd with Pythhnn vIHmuni in the greenhouse in 
Berkeley showed sonH* degree of susceptibility, with the (exception of a 
pink-flowering type which appears to be imrnume. Repc'ated atfi'mpts, 
under experimental conditions, to infect this variety have yi(elded 
negative results. It is immune to thee disease in tlie open as wuefl as 
in the greenhouse. It has been impossibhe to obtain th(e nann* of this 
hybrid, even with the assistance of recognizixl authorities on begonias, 
and the writers th(?refore propose that it be named ^^Calmo.^^ 

SUMMARY 

A destructive crown and stem disease of fibrous-rooted begonia 
plants, prevalent in California and Missouri, is described. 

The symptoms consist of a watery rotting of crown, stem, petiole, 
and leaf tissues. Infection may spread upward several inch('>s above tlie 
soil line, eventually causing the stem to collapse. The fibrous roots 
are usually not attacked. 



July 15,1M2 


Pythium Disease of Fibrous-rooted Begonia 


95 


Overcrowding of plants, excessive watering, and relatively high 
temperatures predispose begonia plants to infection. 

In California, the causal fungus is Pythium ultimum, while in 
Missouri, three species are involved, namely, P. debaryanum, P. 
splendenSj and P. ultimum. These isolates are described in detail. 
All proved pathogenic to healthy fibrous-rooted beognia plants, 
variety Fire Sea. 

The temperature-growth relations of the orgjanisms were determined. 
The values Iot Pythium debaryanum arc: Minimum 4® C., optimum 
28° to 31°, maximum 37°; the values for Pythium splendens are: Mini¬ 
mum 10°, optinium 28° to 31°, maximum 34°; the values forPy/Aii/m 
ultimum arc: Minimum 4°, optimum 25° to 28°, maximum 37°. 

Pythium ultimum was also pathogenic to spinach, sweet-william, 
rocket larkspur, cauliflower, mignonette, Godetia grandiftora^ Schizan- 
thus pinnatus, and cucumber. No infection was obtained on 34 addi¬ 
tional species of plants in 32 genera belonging to 19 families. 

Th(^ disease may be controlled in the greenhouse by using flats and 
soil which have be(‘n steam-sterilized. For out-of-door plantings, an 
Immune variety of fibrous-rooted begonia is available. 

LITERATURE CITED 

(1) Braun, Harry. 

1925. (’OMPAUA'IIVK STI l)IK8 OF PYTHIUM DEBARYANUM AND TWO RELATED 

sPEuiKs FROM (JERANH M. Joiip. AgF. Rcs. 30: 1043-“1062, illu8. 

(2) Karl. 

1931. KRANKHEITEX 1 M) PARASITEN DER ZIERPFLANZEN; EIN BESTIM- 

Ml N<JS- VNl) N VCfLSCULAC.EBUrH FCR BIOLOfJBN, PFLANZENARZTE, 
GARTNER, UNO (5 ARTENFREUNDE. 558 pp., illUH. Stuttgart, 
(f(‘rmany. 

(3) F()ts('h, Karl Albert. 

1933, DIE BEGONIEN. IHRE BESUHREIBl NO. KULTl R, ZCCHTUNG UND 
GE.s(’Hi(TiTi:, 254 pp., illus. Stuttgart. 

(4) .Middleton, J. T., Tit ker, (’. M., and Tompkins, C. M. 

193S. PYTHIUM DISEASE OF FIBROUS-ROOTED BEGONIA. (Abstract Ot 

paper) Phvtopathologv 28: 072. 

(5) Pape, H. 

1927. FINE VERMEHRUNG.S-KRANKHEIT BEI BEGOMEN-BLATTSTECKLINGEN* 

(Jartenwelt 31: 35 30, illiis. 

(0) Sharples, a. 

1930. DIVISION OF MYroLOOY, ANNUAL REPORT FOR 1029. Straits Settle¬ 
ments and Fed. Malav States Dept. Agr. [BuL] Gen. Ser, 3: 
62-72. 

(7) Swift, .Marjorie K. 

1932. PYTHIUM CROWN- AND STEM-ROT OF BEGONIA. N. Y. Bot. Gard. 

.Jour. 33: 141-143. illus. 

(8) Tompkins, ('!. M., and Gardner, M. W. 

1935. relation of temperature to infection of bean AND COWPEA 
sEKDLiNiJs BY RiiizocTONiA BATATicoLA. Hilgardia 9: 219-230, 
illus. 




METHODS OF SPLITTING HEVEA SEEDLINGS* 

By H. F. Loomis 

Associate agronomist, Rubber Plant Investigations, Bureau of Plant Industry^ 
United States Department of Agriculture * 

INTRODUCTION 

Doubling the nuinlxT of small plants of the Para rubber tree 
{llerea brasilierms MiieJI. Ar^i:.) through vertical division of very young 
siM^dlings into two or thr(»e parts has b(‘on reported by several ex- 
j)erimejiters in the Netherlands Indies. One of the most recent and 
most thorougli studies of the two accepted methods devised for split¬ 
ting seedlings is that rc'ported by Zwe(de.^ He used what is known, 
from its inv<^ntor, as thi) IlamatT method of division, in which veiy 
young seedlings are split into two more or less equal parts by a vertical 
(Hit passing through the main-stem sprout ami taproot bet^veen the 
cotyledon petioles (fig. 1). Thus each section remains attached to 
the sei'd by one of th('. cotyledon petioles. Zweede rt»portcd that 
both sections of the main stem always die as a result of equal division, 
but that each is r<‘plac(Hl, aftea* some* delay, by a shoot developed 
from th(‘ bud in the axil between the cotyledon pi'tiole and the main 
st(‘in. W hen the taproot has been equally divided, these two cotyle¬ 
don shoots develop ev(*nly; un<*qual division of tlie taproot n^sults 
in the survival of both se'ctions but in the more rapid growth of the 
shoot that has the larger amount of taproot. Tm^qual division of 
the top results in the d(‘ath of the smaller section and the survival 
of the larger. 

The other aecept(‘d method of division, also iiamed after its origi¬ 
nator, is the Ciambar method, in which the vertical cut does not com- 
ph'tely divide the main stem but begins at a point slightly above the 
axil fornu'd by om* of the cotylenlon petioles with the main stem and 
pass(‘s obliquely inward to the cent(T of th(‘ main stem and downward 
betw(»(»n the cotyledon petioles, dividing the taproot into two approxi¬ 
mately equal parts (s(*e fig. 10). The result is two unequal sections, 
<'ach attached to a cotyledon petiole. One section comprises the 
main stem, with a basal chip removed, and half of the taproot wdth 
its d(‘V('loping lati'ral roots; the other and smaller section comprises 
only the chip with a cotyledon bud, from the main stem, and the 
other half of the taproot w ith its growing lateral roots. This method 
of division has been found more satisfactory than the Ramaer method, 
as th(‘ main-stem portion grows much more rapidly than either Ramaer 
section, while the axillary shoot grows as fast or faster than tlu' 
Ramaer sections. 

‘ KmiviMi for imblioation Maroli 2, aM2. 

The investigations herein reported were carried out while the author was a member of the staff of the 
Division of Plant Exploration and Introdurtion, Bureau of Plant Industry 
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Lammers,^ another Netherlands investigator, has reported a modi¬ 
fication of the Gambar method, whereby triplets instead of twins were 
produced. He divided seedlings into three parts, two of which were 
formed by slicing off each of the cotyledon buds together with about 
one-third of the taproot; the third part comprised the central section 
or third of the taproot, and the main stem from which the cotyledon 
bud on each side had been removed. This division left each cotyledon 
bud chip and its portion of taproot attached to the seed but left the 
main-stem section completely detached from the seed and the neces¬ 
sary food supply. The cotyledon-bud sections were much th(' same 
as those produced by the Gambar mc'thod excerpt that they had some¬ 
what less taproot, one-third instead of one-half. 

Lammers consider(*d the production of triplets impracticabh', for 
commercial purposes because of the relativ(‘ly high initial loss of 
seedlings, resulting from inaccuracies of splitting, anti the high mor¬ 
tality of the s(‘(*tions later, })articularly thos(^ of the main stem, which, 
unlike axillary sprouts, receive no nutrition from the seed. Tlu^ final 
result of his triplet method was fewer plants than would hav(‘ been 
secured by either the Ramaer or the Gambar method. 

EXPERIMENTAL PROCEDURE 

In the spring of 1941 a small number of fresh h(‘vea secnls becanu' 
available for experimental work at the Tnitc'd Stat(‘s Plant Intro¬ 
duction Garden, Coconut Grove, Fla. With these* seeds both the 
Ramaer and the Gambar methods of division were studied, as well as 
several modifications of them which apparently had not bc‘(‘n used 
before. In spite of the relatively few se(*cls which it was pe)ssible* to 
allot to (‘ach test, the results and behavior in many e ases app(*ar suffi¬ 
ciently interesting to justify report. 

In all tests, seedlings for division or control purpos(*s wt*re‘ of ap¬ 
proximately the same age, the plumule having bee*!! withdrawn from 
the seed not more than 24 hours previously. Exam])les of se*edlings 
at this stage are shown in figures 1, 10, and 15. The* split see*dlings 
and the controls were planted in a mixture of sand and p(*at moss in 
4-inch pots and were placed in partial shade in a glasshouse*, wh(*re‘ 
they were*, watered once a day. The split se*eellings remaine*el in th(*se* 
pots until the first flush of leave*s had eleve*lopeel anel had assuine*el 
the nearly horizontal position of mature le*aves. The twin jdants w(*re 
then separated and plae*ed in individual 4-inch pots, whe*i’e* tlu'y re*- 
mained for a week or 10 days before be*ing s(*t in the fi(*Iel nursery. 
Throughout the work any of the split seedlings that r(*acheel the* stage* 
where th(*y were separated anel repotted W(*]*e cemsidered as established 
plants for ree*ord purposes, insofar as the* sue*ce\ss of the elivieling 
operation was ce)nce*rned. 


RAMAER METHOD 

TESTS 

Forty newly germinated seedlings of Ilevea braHiliemi^ were care*- 
fully divided by the Ramaer method, as shown in figure 1, special 
care being exercised to divide as equally as possible the tip of the 
main stem and the tip of the taproot. Of these 80 sections, 78 survived 

4 LaMM£RS, Ik. R. P. eenioe verderk geoevens over het splitsen van iievka kiemplanten. 
Befgoulttires 15. 397-308, Ulus. 1941. 
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Fir.uiiE 1.‘- Hevea seedling with plumule withdrawn from the seed within the 
previous 24 hours. Splitting of the entire seedling, with special care to divide 
equally the tip of the plumule and of the taproot, is typical of the Bamaer 
method of dividing seedlings. X 
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as separate plants, having been produced either as a continuation of 
the main stem or, when the main stem died, as a sprout from the bud 
in the axil between the cotyledon petiole and the main stem. In only 
2 cases did split seedlings fail to produce 2 plants. In each case tht* 
main stem had died and it was found that no axillary bud was pn^sent, 
not merely that it had failed to sprout. The surviving half of 1 of these 
2 seedlings developed from the split main sttnn; the survivor of the 
other seedling d(»V('loped from the cotyledon biul. Twin plants wej*e 
derived from tin' othei- 38 seedlings as follows: 

Three split seedlings produced a plant from each main-stem section, 
thus yielding six plants. 

Ea(*h of 7 seedlings produced I plant from tin' main-st('m sc'ction 
and another plant from the opposite cotyledon bud, tin' main stem on 
that side having died; thus 14 plants were produced. 

On 28 seedlings all main-stem sections died, but a plant sprang from 
the cotyledon bud of each section, tluis producing 50 plants. 

It was obs('rved that plants produced from tin* main-st('m sections, 
whether from both sections of a seedling or from only one, usually 
were badly bent over at first (fig. 2) and grew' very slowly, b(*ing soon 
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outdistanced by cotyledon shoots of the same age (fig. 3), and that 
the first leaflets were reduced in number and malformed (fig. 4). 
Several cases wen; observed in which the main-stem section lived but 


F 



reiilacing dead main-stem section, and the 
3^ dav^mevtmsiv a seedling divided by the Itamacr nieth^ 

metffi stunting of mam-stem growth is typical of this 

the ** uornml growth of the cotyledon shoot enables it to outdistance 

the maiii-stom shoot ni a relatively short time. X K- 
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failed to send out leaves at the tip as is usual, later produced a new 
flush of ^ 2 :rowth surmounted by normal leaves (figs. 5 and 6). 



Fkjurb 5. - Growing main-stem sections of a seedling 42 days after it was divided 
by the Ramaer method. The section on the right has sent up, from its tip, a 
single leaf of two parts instead of three as is normal, while the section at the 
left did not send up any leaves at its tip but did produce a new flush of growth 
surmounted by two immature but entirely normal compound leaves. X 1 
approximately. 
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In instances where the main stem was slow in dying, sometimes 
remaining alive for a month or 6 weeks, the bud in the axil between 
main stem and cotyledon petiole appeared to sprout more slowly than 
where the main stem died promptly, and the resulting shoot appeared 
to grow more slowly than where main-stem tissue was not being 
supported by food from the cotyledon (fig. 7). There were not 
enough instance's of this, however, to allow application of statistical 
methods for determining this point. 

At the time when the 78 plants produced by the Ramaer method 
were placed in separate pots, they averaged 41.7 days from date of 
splitting. Those which had grown from main-stem sections averaged 
84.6 mm. in height with taproots 122.0 mm. long, whereas plants 
from cotyledon buds averaged 121.1 mm. in height with taproots 
118.7 mm. long. 

It is interesting to note that Zweede,® reporting on approximately 
5,000 seedlings divided by the Ramaer method, stated that when the 
plujuiile was exactly halved both main-stem sections always died and 
usually were n'placed by cotyledon shoots, but that when main-stem 
division was unequal, as one-quarter and three-quarters, the larger 
se(‘tion lived but the smaller one died. In the tests conducted at 
(\)(H)nut Grove, the plumule or main stem was approximately halved 
in all 40 seedlings; 8 of these seedlings produced twin plants from 
main-stem sections, while in 7 other seedlings 1 of the twin plants 
derived from each was from the main-stem section. 

MOOIFICATION 

In an attempt to eliminate as much as possible the effect of the 
dormant main-stem section on its basal cotyledon bud, 20 seedlings 
were' split by tin' Ramaer method, but at the same tinu' th(^ main 
stem was cut off just above the cotyledon bud. This treatment 
ri*sult('d in producing 89 plants that did not seem to be greatly different 
in Ix'havior from cotyledon plants produced by the unmodified 
Ramaer method except that the twin plants usually were more 
uniform in growth (figs. 8 and 9). When separated and repotted 
the plants averaged 116.5 mm. in height with taproots 97.7 mm. long. 
From data giv('n on pag(' 110, it will be seen that these plants equaled 
Gambar cotyli'doii sections but not Gambar main-stem sections. 
A comparative test of a larger number of seedlings divided by the 
Ramaer method, part of which should have the main stems cut off at 
th(' time of division, probably would show that the development of 
the latter group was the more rapid. 

GAMBAR METHOD 

TESTS 

Twenty seedliujis split by the Gambar method (fig. 10) yielded 36 
plants from the 40 sections. Of the 4 sections that failed to develop, 
2 were cotyledon sections in which no axillary bud appeared to bo 
present; the other failures were the 2 parts of a divided seedling that 
died before the leaves developed. 


* tJw) footnote 2. 
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Figure 7.— Seedling divided by the Ramaer method 26 days previously. Mail 
stem section on left dead and replaced by a shoot from the cotyledon bu( 
Main-stem section on right is alive but has remained dormant, forcing a sprou 

from the cotyledon bud which is only half as tall as the opposite cotvledo 
sprout. X>1. IT' .7 V 
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Figure 10. —Gaiiibar method of splitting a seedling: Hevea seedling with plumule 
withdrawn from tlie attached .sc<?d within the prtndous 24 hours, X 4. 
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Twin plants produced by the Gambar method were ready for 
separation at an average of 27.2 days after the seedlings were split, 
whereas Ramaer twins were separated at an average of 41.7 days. 
The average height of the main stem of Gambar sections when the 



Figure 11. —Seedling 11 days after it was divided by the Gambar metliod; 
cotyledon bud just beginning to grow on the basal section at left. X Ya. 

twin plants were separated averaged 179.4 mm., the taproots being 
IO 2..5 mm. long; the height of the cotyledon sections averaged 96.0 
mm., the taproots also being 96.0 mm. long. Successive stages in the 

f rowth of twin plants produced by the Gambar method are shown in 
gures 11 to 14; in figure 14 twin plants are. shown just aRer they 
had been cut apart to be potted separately. The equal development 
of the taproots and lateral roots is characteristic of plants produced 




FiciUUE 12.— Closer view of the basal section of the divided seedling shown in 
figure 11. The swelling of the cotyledon bud in the axil of this section is 
evident. X 3}i 


In order to gain some knowledge on this point, the main-stem 
section of (‘ach of a number of seedlings, divided by the Gambar 
method, was cut loose from the cotyledon at different intervals after 
the seedlings were split. Fifteen split st^edlings had their main-stem 
sections severed from the cotyledon immediately after the seedling 
was split and planted. Other small groups of seedlings had their 



112 


Journal of Agricultural Research 


Vol. fi6, No. 2 



Figure 13.—Two seedlings divided by the Gaml)ar method, one 22 days 
previously ( left) and the other 23 days previously (right). The iriain-sbun 
sections have ceased growth and are maturing their leaves, while the cotylcjclon 
shoots, with very young leaves, still are actively elongating, X <J 2 - 
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Fkjure 14.“ Tht* two parts of a soedliiig divided by the Gambar method 35 days 
])revioiisly. The two sections have been removed from the pot, cut apart, 
and now are ready for se])arate potting?. The nearly exhausted seed was allowed 
to remain attached to the cotyledon shoot, which has attained the same height 
as the main-stem section but lias not had time to mature its leaves. This 
seedling is shown at an earlier stage in figures 11 and 12. X <;i. 
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main-stem sections severed from the cotyledons at intervals ranging 
from 1 to 19 days after they were split. The number of main-stem 
sections thus treated, the period between severance from the cotyledon 
and death, and the number of sections of each interval group that died 
and the number that survived are given in table 1. 

None of the plants in the first four intc'rval groups shown in table 1 
had leaves formed at the tip of the main stem. In th(' 9- and 10-day 
groups, the main sterns had very small, dark purplish-brown, pend(‘nt 
leaves. In the 14- and 15-day gi'oups, the heaves wcut much larger 
and were at the intermediate stage between vertical and the nearly 
horizontal position of normal mature seedling leaves, to which class the 
19-day group Ixdongc'd. 

Table 1. —Periods of survival of main-stem sections severed from cotyledons at 
various intervals after seedlings were split 


Main-stem sections survivinc for various ix'riods when the number of days 
Days between severance from ween splitting of seedlmgs and severance of main stem from col > iedon.s 
cotyledon and death of ' was— 



Although the number of seedlings available for this t(‘st, as shown in 
table 1, was much too small for the results to b(* statistically signifi(*ant, 
several observations are justified. It appears that the main sttun is 
almost wholly d(*pendent on the attached cotyledon for at least 4 
days after sec'dling plants have been split, and not until tlu'y are 10 
or mor(‘ days old is a high percentage likely to survive if the flow of 
food from the cotyledon is stopped. Also it is obvious that delay in 
cutting the main stem loose not only decrease's the likelihood of death 
but delays it when it does occur. In those' sections that remained 
alive for a considerable lemgth of time', the main stem usually ce'aseel 
to elongate and remained dormant from 7 to 18 days before deatli 
occurred. 

The 15 main stenis cut loose' from their cotyledons wheui the seed¬ 
lings W('re split eontinuetl to elongate for an ave'rage of 4.7 days before 
the period of dormancy that preceded death, and in tins time the'y 
gained an average of 3.3 mm. in height. From the data in table 1 it 
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may Ix' detormined that tlio av(Tago ago of tlu»so plants from tho time 
of sovorance until doath was 12.1 days; honcc, tlio average period of 
dormancy preceding death was 7.4 days. 

In the group cut loose from the (‘otyledons 4 days after the seedlings 
were split, the nine main stems that died had continued to grow for 
G.3 days before dormancy s('t in, and averaged 7.8 mm. increase in 
height. The average period between day of severance from th(‘ 
cotyledon and death was 20.6 days, thus making the period of dor¬ 
mancy bidore death 14.3 days. In none of the other categories in 
tabl(‘ 1 were suffici(»nt data obtained to allow such inferences to be 
made. 

Twenty normal sei^dlings that had not be(*n split were cut loose 
from th(^ cotyledons imm(Hliat<‘ly after being planted. Although all 
of these se(‘dlings died, th(‘y survived longer than th(‘ Gambar sections, 
10 days elapsing bi'twcnui tli(‘ tirni^ th(» cotyledon petioles were cut and 
th(‘ first thr(‘(‘ deaths, and 51 days elapsing before the last death, as 
shown in talde 2. 


Table 2.- Data on 20 entire meedlingSy with plumule just withdrawn from the need, 
which were cut loose from their cotyledons and planted 


Soodlinji No. 1 

UoifTht of main 
st4*rn lit time i 
of scvoraijco 
from rotylodons 

MaYlmiiin 
hoiKht 
attainod by 
mam ‘?U*m 

Not jzoin in 
hoiKht of 
mam stem 

i 

Ceriod between 
SM'verance and 
maximum 
heis;ht 

Period t>etween 
severance and 
death 

HI . .. 

Mm. 

21 

Mm. 

:«) 

A/m 

9 

Days 

9 

Days 

21 

142 . ... 

:t« 

06 

20 

! 12 

40 

\U. . . ! 

22 

30 ; 

8 

12 

19 

HI . 1 

20 

36 

9 

12 

21 

h:, .. . 1 

1 2 H j 

42 

14 

11 

18 

1 U> ' 

' 2 ;i 1 

30 

7 

8 

20 

H7 . 1 

2 t) 1 

38 

9 

10 

20 

HS 

. 6 <» 

(K) 

4 

8 

29 

HO 

42 

(K) 

IH 

10 

51 

160 

22 

.12 

10 

8 

20 

I.’)! 

34 

40 

0 

11 

26 

162.. 


3H 

i 16 

1 14 

! 19 

16'} . 1 

20 

36 

9 

7 

17 

161 _ .. . 1 

2 <) , 

40 

11 

11 

10 

1.66 1 

: 22 1 

44 

22 

10 

26 

l .60 1 

2 tl * 

t »6 

1 3l» 

10 

I 25 

167 1 

17 

30 

13 

U 

20 

I 6 S 

20 

36 


0 

! 16 

t. 6 » 

21 

30 


T) 

23 

UK) . . 

2:4 

42 

19 


1 16 

Totfil 

668 

1 821 I 

203 

211 

461 

.\vorafrc | 

27 9 

41.0 j 

1 

13 1 1 

i 

10.5 

23.5 


Table* 2 shows also that tin* seedlings continued to grow for an aver¬ 
age of 10.5 days and increased in lu'ight 13.1 mm. on an average*, 
in both case's consiele»rably exct'cding Gambar main-stem sections cut 
le)oseon the day the seedlings were split or even those cut loose 4 days 
later. However, it must be remembered that while the Gambar 
sections retaineel most of the* main stem, this was supported by only 
half the tapi-oot and its portion of lateral roots. Moreover, all cut 
s('ctions probably suff(*r a certain amount of shock and in healing their 
wounds must put forth an appreciable amount of eneigy that other¬ 
wise might be used in their struggle for existence. The 20 unsplit 
seedlings lived on an average 23.5 days after separation from the 
cotyledons and were dormant for a period averaging 13 days before 
death. 
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Unfortunatoly 110 additional soods wore available to permit deter¬ 
mination of th(‘ a^e at which unsplit see^llings may survive on their 
own roots after being cut loose from the cotyledons. 

In view of the fact that in the present expe^riments severance of the 
cotyledons from (‘iitirt* whole seedlings and (hiinbar main-stem 
sections up to several days old resulted in the d(*ath of all, it is of 
interest to observe* that- Laminers ® r(*port(*d that an indelinite numb(*i- 
of the* main-sk‘m S(*ctions made by his triplet me'thod surviv(*d the 
treatment. From his somewhat indefinite data it appears that either 
4 percent or 27 percemt of the total main-st(*m sections survived, 
depending on the interpre'tation one puts on the* figures that he gave*. 
Survival of eve*n 4 percent of Ins main-sl(*m se'e'tie)ns is surprising in 
view of his methoel of splitting seM*dlings, which left the main-steun 
sections complet(*ly detacheMl from the* cotyleelems anel with even le*ss 
taproot and late*ral roots than in the simple* (lambar me*the)el, while* 
the elouble cut incre*ased the mutilation of the sections. 

MODIFICATION 

A rather se'rie)us objection to botli the* Rainaer anel the* fiambar 
methoel of increasing the* numbe'i* of plants from a given lot of see*ellings 
is the labor inve)lveel in separating anel replanting the* twin plants as 
soon as they are* able to re*ly fully on the*ir own roots for suj)pe)rt. 
Also, in spite of the* utmost care, some elamage always is elone* to the* 
small plants during this operation, and it is followe*el by a usuaPy 
small but varying pe*rce*ntage* of de'aths ele'pe*neling ein some*what 
controllable* factors, sue*h as the* stage at whie‘h se])a»*atie)n anel re*plant- 
ing are* done, the injurie*s sustaine*el at this time, anel the* })e)st-plantiiig 
care* the plants re*e‘eive in the*ir ne'w loe'ation. 

In an att<*mpt to see whe*the*r the two Oambar se'ctions enulel be* 
separateel whe*n the se*e*ellings we're split, and tlie'ii be* plante*el se‘paj‘ately 
without furth(*r elisturbance, 25 se*e*dlings we‘re split by this ine‘the)d, 
anel at the* same time* the cotyle*dons were* re*inove*d from the* see*el e*e)al 
anel split apart, each cotyle*don re*maining attacheel to the* ce)rres]ionel- 
ing se*ction of the* se*e*elling (fig. 15). 

In re'inoving the entyle'dons, the se*e*d was p]ace*el m a vise, anel 
pressure was slowly applied until the* harel se*e*el e*oal crae*ke*el without 
damaging the* cotyleelons. The* seed the'Ji was taken from the* vise* 
and the* se*e*d coat carefully re*move*d, ])iece* by ])ie’ce*, with a knife*. 
Afte*r the* cotyIe*elons hael bee*n re*movcel from the* se*e*el it was possible* 
to inse*rt a knife be'tweem the*m, at the* e'lul opposite* the* se*(*elling, anel 
feirce* the*m apart, as the*y are* he*lel te)ge*the*r only by a surreiuneling, 
spongy, tough skin, or tcgme*n. The* seeelling was the'ii cut in two, 
the se'Ctions thus becoming emtiredy se*parate*el, anel each see’tion was 
planteel with its attacheel cotyledon re sting e)n the surfae*e* of the* soil. 
Feir uniform e*xp(*rimemtal treatme*nt, the two parts of a seeelling w^e*re 
planted wedl aj)art in a pot having a e*entral partition e)f oileel pape'r, 
to allow division of the* ball of soil into two parts without disturbance 
to the roots of eitlu'r se*ction whe*n repotting or planting out shoulel 
become ne'cessary, although actually, at the time* of re*pe)tting, the* 
balls of soil were* broken to allow- e'xamination anel me'asure‘me*nt of 
the* roots that had deve*loped on each plantlet. Tlie* two well-se*pa- 
rated parts of a split seedling, with th(*ir cotvle*elons em the* surface* 
of the soil, are shown in figure* Ifi. Figure* 17 shows two seedlings 
47 days afte'r similar treatment. 

• See footnote 
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Fkiithe ] 5.- Hovoa seedling, less than 24 hours after the pluiiiiile was withdraw n 
from the seed; cotyledons removed from the seed and split apart; seedling 
divided by the Gam bar method for separate planting. X 4. 
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Figure 16.' A soedlijig 8 day.s after being divided by the Gand)ar method and 
after having the cotyledons removed from the seed and split apart and the 
main-stern and cotyledon-bud sections planted separately. The cotyledon bud 
is just beginning to send up a sprout from the small section at the right. X 1. 
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Figure 17.~ Two seedlings, A and B, 47 days after they were divided by the 
Gainbar method and separated by having the cotyledons removed from the 
seed and split apart. In each set of twins the main-stem section (left) has 
matured its first leaves and has started a second flush of growth not yet begun 
by the cotyledon sections (right), although they have matured their first leaves, 
approximately. 
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Division of those' soodlin^s yic'ldod 50 se'otions, 40 of which survived 
a-s plants, as shown in table 3, whores it maj^ also be seen that botli 
sections of 16 seedlings survivc'd, as did single sections of 8 otluT 
seedlings. In tln^ case of only 1 seedluig did both of the sections die'. 
The behavior of these plants was little diffcredit from that of ordinaiy 
Gambar sections, except that their development was somewhat slower 
and the percentage of survival was lower. This latter difference', 
however, would be'partly lesse'iieel by including in the data for Gambar 
se'ctions the' deaths oce'urring afte'r their sc'paration and re'potting. 

Table 3.—" Data on 2^) seedlings divided by the Gambar method after havmg the 
cotyledons removed from the seed and split apart so that the two sections of each 
seedling might be planted separately 


Spodlinj? No. 


JOl , - - - 

102 .- . 

103. . .. 

104 .-. 

105 

100 .... 

107 . 
lOS 

109 - - - 

170. .. 

171 .. - 

172 . 

173 . 

174.....-. 

175. 

170.- -- 

177 .-- 

178 ... .... 

179 .. . 

180 . . _ 

231.. 

m . . 

2 V) . . _ 

237_ 

239.- . 

Average for 10 twin i 
plants__— j. 


Height 
of main 
stem 
hen 
divided 

1 

I^ength 

of 

taproot 

1 w hen 

1 divided 

Date of 
M‘pa* 
lating 
and 

repotting 

twin 

plants 

Heiglit 

of 

main- 
stem j 
section 
when re- 
1 potted ‘ 

! 

1 

1 Tamgth 

i of 

1 taproot 
of main- 
stem 
section 
w’hcn 
repot t«'d 

1 

1 

1 iroiKiit 
'of I'oty- 
j ledon 

I section 
‘when rc- 
1 pottcil • 

1 

1 

TA'iiglh 

of 

taproot 
ol coty¬ 
ledon 

J section 

1 when 
j repot t (Ml 

A/w. 

1 

A/m. 

1 

Aim 

1 A/m 

1 A/m 

A/m 

2<> 1 

14 


100 I 


1 1) 


34 

10 

May 2(> ! 

170 

70 

85 

no 

25 

10 

. do i 

no 

80 

- 105 

! 100 

11 

11 


1) 


10 


.11 

S 

Ma> 20 

170 

110 

, 10.5 

1 1 it) 

21 

10 

do . 

; 180 

130 

1 9.5 

; 120 

23 

7 

1 do . 

, 17.'> 

70 

1 1.50 

i 13t) 

28 

8 

<lo 

1 150 

115 

20 

1 10.5 

25 

0 

. do 

; 14.5 

1(H) 

, 80 

; KK) 

2(1 

7 

(i(> 

1 PM> 

9.5 

1 3.5 

105 

2J 

17 


1) 


12 


IS 

8 

M-av 2() 

1 isr. , 

1 “ ' 115' 

: 120 

75 

39 

8 

do . 

1 210 

KK) 

130 1 

1 75 

29 

10 


1 1) 


’ 32 


28 

9 

May 20 


125 

' 140 , 

1 15 

28 

12 

do- 

! 1.50 , 

KK) 

' 50 ; 

95 

32 

7 


' 1.50 1 


1) 


27 

11 

.May 20 

1.5.5 ' 

11.5 

' 00 ' 

l.'O 

21 

22 

I - — 1 

1 1> i 


n i 


33 

10 

j May 20 ! 

170 i 

75 

' 95 1 

; 8.5 

22 

S 


1) 1 


1 12.5 1 

l.- 

18 

21 


1 i 


! ! 


21 

18 

! June 3 

: 125 1 

l” .. ' 

i) 1 

! 

IS 

28 


i 200 1 

1 no 

80 

i 115 

19 

8 : 

do . 

1 180 

! _ 

i 

1 120 

1 

28 3 

1 

10 0 

i 

' 10.5.9 , 

1 

102 2 

' 91 9 

1 ; 

108 7 


1 “O ’ indicatc.s that the section died before the repotting stage was reHcho<l: the taproot of the surviving 
.section was not examined or measured but was left undisturbed 


Conside'Hng only the 16 se'cdlings from which twin plants we're* 
eleriveel, it will be seen that whe'ii the twins we're* st'parate'el, an average* 
of 38 (lays after splitting, the main-ste'in se'ctions average'el 1()5.9 
mm. in Insight with tapre)ots 102.2 mm. long, wliile* the* e*otyle'elon 
se'ctions we>re 91.9 mm. in he'ight with taproeits 108.7 mm. long. In 
vie'W of the small numbe^r of se'enllings in the'se te'sts, the* size* of the* 
above'-mentioned se^ctions doe\s not appear to be* sufficiently eliflerent 
from that of typical Gambar se'e'tions to be* attributed to the* treat¬ 
ment, although it is obvie)us that the Gambar se'ctions we're much me)re 
precocious, being reaely for re>potting 27.2 days afte'r the'y we»re split-. 

The* behavior of the e^otylenlons reanove'el from the^ see'el coat was 
sornewliat surprising in that none showe>d any rot until aftea’ the 














July 16,1942 


Methods of Splitting Hevea Seedlings 


121 


shriveling which look place many days subsequent to their removal 
from the seed, when it was assumed that the shriveling was a natural 
consequence of withdrawal of food by the seedling. That the cotyle¬ 
don itself also probably derives some bemrfit from the growing sprout 
was indicated by the fact that, when removed from the seed coat 
and split apart, the inner facc^ of each cotyledon, that part not 
(‘overed by the tegmen, was creamy white and remained so for several 
days, when it started to changes to greenish yellow near the cotyledon 
petiol(‘. This change continu(‘d gradually until the whole inner face 
of the cotyledon was dark gr(*en, the deeper color always spreading 
from th(» petiole, probably indicating that the chlorophyll was being 
supplied by the glowing slioot. 

The first shriveling of any cotyledon in^the lot was noted 19 days 
after planting, on the main-stem section of seedling 171, which had 
attained a Insight of only 90 mm. Its cotyledon was light greenish 
y(*llow at a time wluui most of the other cotyledons w(u*e dark green. 
The cotyl(‘don of the other si^ction of seedling 171 also waslight-colored, 
and the sjiroiit was only 10 mm. high. The main stem died on May 
12, when the cotyl(‘don was se<‘n to be rotting. On the same day the 
cotyledon of the oth(*r sc^ction was still unshriveled but had broken 
loose from the sprout, which survived without it. The possibility 
is suggested that injury to the sections of R(‘edling 171 when it was 
split may have atfected tlie exchange of mat<»rials between shoots 
and cotyl(‘(lons. With oth(‘r sections, shriveling of the cotvledons 
did not occur until later, some still being green and turgid when the 
sections were r(‘|)otted. 

SPLITTING OF OLDER SEEDLINGS 

In th(‘ spring of 1934 a nudhod was investigatcnl of dividing hevea 
sci'dlings at a grcaiter age than any thus far reported by other workers.' 

The observation that nursery seedlings (*ut ofl‘ near the ground by 
rats or rabbits or kithnl buck by cold fr(‘quently survived by the 
sprouting of one or both cotyledon buds Ivd to the idea that such 
plants, with two sprouts, might be split and made to produce two 
separate plants. Accordingly, seedlings ranging from 10 days to 15 
months old (above* ground) wen* cut off several niches or less above* 
ground to feirce^ the* ('otyl(*elon buds to start. Se*(Mllings from 3 to 15 
meinths eilel we»re split apart betwe*en the cotylenlon scars immediately 
afte‘r topping and theur parts separately planted; the younger seedlings 
we*re* allow(‘d to remain in the* nui'sery bed until examination, 25 days 
late*r, sheiwenl that only Hi. 7 to 33.3 perce»nt of the plants had producenl 
sprouts from both cotyledon buds. These younger plants, with double 
sprouts, w(‘re then bise'cted and the se*ctions planteel separately. 
Figure 18 shows se*edlings 35 to 50 days old ready for division, with 
cotyledon sprouts forceal by cutting back the main stem. While both 
halves of a fe*w of the younger seeellings that were divided survivt'd 
the treatment, the number of plants derived did not equal the number 
of seedlings used in the tests; and with seedlings over 3 months or 
more old, scarcely any of t he scad ions survived, one difficulty apparent¬ 
ly being (he inability or failure of the split surfaces to form calluses 
and prevemt rotting. 

^ This method was devised and tested by the writer and Alfred Keys, formerly associate horticulturist 
of the Bureau of Plant Industry, stationed at this Garden. 
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l^iauRE 18.—Seedlings 35 to 50 days old from which the tops w(‘re cut 25 da vs 
previously to force the cotyhdoii buds seen sprouting at the base of the main 
stern. At this stage the seedlings were split vertically through the main-stem 
stump and taproot, the split passing between the cotyledon sprouts and forming 
two subequal sections, some of which grew, forming twin plants. X 1. 
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Three seedlings 3 months old, from which the tops had been cut 
by animals and which had produced shoots from 15 to 26 cm. high 
from the six cotyledon buds, were dug from the nursery, split in two, 
and the sections planted separately. At the time of planting the very 
youngest pendent leaves were removed from the tip of each shoot, 
leaving the growing tip and three or four old leaves intact. All six 
of these sections survived, which may indicate that division of older 
seedlings is possible if th<>ir cotyledon shoots first arc allowed to develop 
at least one flush of leaves. One set of these divided seedlings is shown 
in figure 19, a year after the seedling was divided. 



Fiourk 19. —Twin plants derived from splitting, a year previou.«ly, a 3-uionth-old 
seedling having a Ll-ein. and a 17-cni. cotyledon sprout, each with mature 
leaves. These sprouts had been forced by the accidental cutting off of the 
seedling main stem. 


124 Journal of Agricultural Research voi. os, No. 2 


SUMMARY AND CONCLUSIONS 

In tests of the Ramaer and Gambar methods of dividing hevea 
seedlings, the conclusion of other investigators that the latter method 
gives better results was verified. With the Gambar method the 
seedlings are more easily split and the number of plants obtained is 
approximately as great as with the Ramaer method, but the plants 
are better and the time required is shorter. 

Splitting of seedlings from which the main stem has been cut off just 
above the cotyledon bud usually results in the production of twin 
cotyledon plants that are the equal of plants produced from cotyledon 
sprouts of Gambar sections but not of those produced from main- 
stem sections. 

Twin plants produced by the Gambar method are almost completely 
dependent on the food from the cotyledons for at least 4 days after 
they are split, and not until they are approximately 2 weeks old can 
a large percentage survive on their own roots wdien the cotyledons are 
removed. 

In order to permit direct planting of split seedlings without the 
necessity of digging them up for separation and transplanting, as has 
to be done with Gambar and Ramaer twdns, young seedlings first had 
their cotyledons removed from the seeds and ])ri(Hl apart, after w hich the 
splitting of the stem and taproot, as in the Gambar method, produced 
two sections wdiich could be planted separately, each with its attached 
cotyledon. This method w’as found to be successful but not (|uite so 
productive of plants as the standard Gambar method, although the 
advantage of being able to plant separately the two parts of a seedling 
at the time of splitting may, in certain cases, offset other disadvantages. 

Division of seedlings from 10 days to 15 months old was tried with 
fair success for the younger plants, and some indications point to the 
possibility of increasing the number of ])lants by splitting seedlings 3 
or 4 months old. 
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THE SEASONAL VERTICAL DISTRIBUTION OF WIRE- 
WORMS IN THE SOIL IN RELATION TO THEIR CON¬ 
TROL IN THE PACIFIC NORTHWEST > 

By K. W. Jones and F. H. Siiirck, assistant entomologist Sy Division of Truck 
Crop and Garden Insect 1 mesUgallonsy Bureau of Entomology and Plant Quaran- 
hncy Cmied States Department of Agriculture^ 

INTRODUCTION 

Observations on the habits of wireworms (Elateridae) over a period 
of years have shown considerable variation in the amount of damage 
{‘aiJS(Hl to crops by these pests in different months of the year. Sam¬ 
ples of soil taken in connection with population studies have also 
indicaU^d that these insects occur at various depths in the soil. The 
movennuit of wireworms in the soil has a decided bearing on the dam¬ 
age at different seasons, and consequently must be considered in any 
program of chemical or cultural control directed against them. A 
study of the v(Ttical movennuit of wireworms in the soil was under¬ 
taken to determiiK* more exactly their depth distribution through a 
comphde season and under different conditions, 

Att('inpts to trace the movements of individual wire>\orms having 
prov(Hl impractical, it was thought that the percentages occurring at 
diff(‘rent depths in short intervals of time would give a picture at 
least of the v(*rtical movement in the soil. Observations were there- 
for(‘ mad(* rc'gularly in restricted areas of fairly heavy infestation, so 
that tlu'se movements could be studied in relation to soil temperature, 
moisture, and cropping conditions. 

These observations were made iH*ar Walla Walla, Wash., and 
Parma, Idaho, during the period 1931-37. 

REVIEW OF LITERATURE 

In g(MU'raI, the published information regarding the depth distri¬ 
bution of N\ireworms is limited to fragmentary reports of casual 
observations. The economic importan(*e of vertical migrations of 
wireworms in Australia has been pointed out by McUougall,^ who 
states that the larvae of Lacon rariabilh — 

are confined almost exclusively to badly drained country or parts of fields. The 
soil in most of those situations is from 9 to 14 inches in depth ♦ * and with 

an ilnper^ious clay subsoil. * ♦ ♦ The movement of lar\ae in the soil, 

according to moisture dntribution, has resulted on occasions, in rather si>ectacular 

» Rm'ivod for puhlicatum SeptcMiilnT 2,*), 1941. 

i The authors acknowledge their indebtedness to M V T.ane, under whoso super\islou the work was. 
done, for hidpful suggestions and erUicisin of the manuscript 'I'he nortion of the invebtigation conducted 
at raniia, Idaho, w’as located on land furnished bj the Waho Agncultural Experiment Station under a 
oooiM'ratlve agreement 
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effects. It has happened that sonic [sugarcane) fields known to be inhabited by a 
considerable L. variabilis larval population had been planted when the soil moisture 
had been very low. The results were good showings of primary shoots. At this 
stage a shower of rain was experienced. The larvae came up to the top 2 or 3 
inches of moist soil and, as this moistuni quickiy disappeared, they descended. 
During this movement of the larvae they came into contact with primary shoots, 
etc., with the results that within three days following the shower fully 70 percent 
of the originally healthy primary shoots showed “dead-hearts.” 

A feature of special interest brought out in the study by McColloch, 
Hayes, and Bryson * in Kansas is that wireworms were frequently 
found above a depth of 6 inches in midwinter. In two seasons’ 
observations tlie average depth at which wireworms were found from 
November through February ranged from 7.7 to 10.1 inches. These 
data were based upon the records of only a h'w individuals. In each 
digging the soil was removed itich by inch and examined by hand. 
The following conclusions of practical importance in wireworm control 
WTre drawn from these studies: (1) These insects can endure wide 
extremes of temperature, as is indicated by the shallow' depth of 
hibernation, and (2) the often-recommended practice of fall plowing 
to expose them to the rigois of winter may have less value than is 
commonly believed. 

Following an 8-year study at Manhattan, Kans., Bryson ® presented 
a graphic summary of the number of wirewonns taken in various 
habitats each month, together w'ith the prevailing average soil 
temperatures. The data show that the larvae are below' the plow line 
during November, December, and January and during July and the 
first half of August, but near the surface, or at least above the plow 
line, during the other 7 months. His observations were confined for 
tbe most part to three or four species of Melanotus and one species of 
Aeolus. As a result of this study Bryson suggests the desirability of 
seeking methods other than plow'ing for destroying the larvae. 

METHODS 

The soil-sampling technique was developed by workers (»f llx' 
Pacific Northwest wirew'orm proj<‘ct.® ’’ Lhiit areas of 1 s(piare foot 
of soil were dug in 3-inch layers to a depth of 18 or 24 inches and 
examined for wireworms at frequent intervals, usually once a week. 
Tlu' unit areas, ranging in number from 10 to 20, w'ere dug at random 
over to 1^-acre field plots. The soil of each layer was sift('d through 
16-mesh screens, and the wireworms w’ere countetl. For brc'vity the 
3-inch layf'i's below 12 inches are rei)ort(‘d as one layer. The layers 
are designated as follows: Layer 1,0 to 3 inches; layer 2, 3 to 6 inches; 
layer 3, 6 to 9 inches; layer 4, 9 to 12 inches: layer o, 12 to 18 or 24 
inches. No effort was made to obtain the smallest wireworms 
hatched from the current S('ason’s eggs, since otiuu' observations on 

< MrCoLLocu, J. W., Hayes, Wm. P., and Bb> 80 n, H. R. preliminary notes on the depth of 

HIBERNATION OF WIREWORMS (ELATERIDAE, COLEOPTERA). Jouf. Kcon. Ellt. UO* 1927. 

i Bryson, Harry R. observations on the.seasonal activities of wire worms (elateridae). Kans, 
Ent. Soc. Jour. 8: 131-140, Ulus. 1935. 

•Jones, E. W. practical field methods or sampling soil for wireworms. Jour. Airr. Res. 54: 
123-134, illus. 1937. 

7 Lane, M. C., and Shirck, F. IT. a mobile power soil sifter. TJ. S. Bur. Ent. and Plant Quar. 
Cir. ET-70, 2 pp., illus. 1936. [Multigraphcd.] 
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young wircworras have indicated that no significant variation in depth 
distribution from that of the older wireworms may be expected. 

Soil-moisture determinations were made on the day of each soil 
sifting. Temperatures were obtained by means of soil thermographs 
stationed at Walla 'W'alla on a standard fallow plot and on an alfalfa 
plot adjoining the field plots, and at Parma on a fallow plot. 

The monthly mean depth of wireworms was calculated by multi¬ 
plying the total number of wireworms found in each layer during the 
month by the mid-depth of the layer, adding the products for the 
various layers, and dividing hy the total number of wireworms in all 
the layers. 

The win'worms obtained at Walla W^alla W(*re predominantly 
JAmonius canns Lee., but a few of the following spc'cies were* also taken: 
L. californicus (Mann.), L. infuscaim Mots., and L. subauralus Lee. 
At Parma the predominating species was L. califonneus, with about 
10 percent of L. caiivs. 

PRESENTATION OF DATA 

WALUV WALLA, WASH. 

The depth-distribution records obtained at Walla Walla are pre¬ 
sented for four field plots as follows: In 1931 a sandy-loam spinach 
{S/umcia oleracea L.) field that was in crop during the spring and fall 
and fallow in the summer; in 1936 a silt-loam field that was uncropped 
during the year; and in 1937 a silt-loam 2-ycar-old alfalfa {Medicago 
satim L.) plot and a silt-loam potato {Solanum tuberosum L.) plot. 
The alfalfa plot and the potato plot were irrigated during the crop 
season. 

Hpi.nai'h Plot 

Tlu' data for the sandy-loam spinach fiedd are prc'sented in table 1. 

It is shown that the spring upwanl migration began after soil at the 
6-inch depth had warmed up to about .lO® F. in Afarcli. The water 
content of the soil at that time was about 2o percent. The percentage 
of larvae in soil layers 1 and 2 increased during April, and by the last 
W('('k of April the majority of the larvae were in these layers. But 
with the increa.se in soil temperature to 72° F. and the decrease in soil 
moisture of layer 1 to about .*> percent by the first of June, there was 
a tendency for the wireworms to move downwanl. An increase in the 
moisture content again following a June rain increased the percentage 
of win'worms in this layer for a short time only. 

In July and August, when soil temperatures were at the seasonal 
peak and the sod moisture in layei-s 1 and 2 was d(‘creasing gradually, 
there was a noticeable downward movement of the larvae, with a con¬ 
sequent increase in tin* perei'iitage in layers 3 and 4, and there were 
also more larvae in layer n than in the late fall or early spring. Dur¬ 
ing the first week of September, following the planting of the fall 
spinach crop and the late-summer irrigation, tlu're was a slight up¬ 
ward movemimt of larvae to layer 1. Tlu' majority of the wireworms, 
however, ri'inained below 6 inches during Sej)temher and October. 
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Table 1. —Seasonal vertical distribution of wireworms in a spinach plot at Walla 
Walla, Wash., in 19S1 in relation to soil temperature and moisture 



W 

H'worms found in soil layer— 



Weather data» 


Date 

1 

2 

3 

4 

5 

Total 

wire- 

worm.s 

Soil 

temiKsr- 
ature at 
depth of 

Moi.sture in soil 
layer— 

Rain¬ 

fall 








f> inches 

1 

2 



Percent 

Percent 

Percent 

Percent 

Percent 

Nn inter 


Percent 

Percent 

Inches 

Mar. 9 

0 

0.9 

34 0 

44 6 

13 8 

130 

48 2 

‘24 9 

22 3 

0 

Mar. 25 

20.7 

22 4 

19 0 

19.8 

18 1 

no 

51.8 

‘20 4 

‘22.7 

1.82 

Average or total .. 

9 8 

14 2 

27.2 

32 9 

15 8 

240 





Apr. 6 - 

43.2 

27.2 

14 8 

2 5 

12 3 

81 

50 0 

22 9 

24.3 

1.87 

Apr, 24 - - - . - 

30.3 

51.5 

12 1 

3.0 

3 0 

33 

.55 4 

14 8 

18.1 

.12 

Average or total 

39 5 

34 2 

14 0 

2 0 

9 0 

114 





May 9- . 

19 0 

.50 0 

19 0 

2 2 

8 7 

40 

04 0 

13 7 

15 9 

*09 

May 15.. _ 

32 3 

43 1 

20 0 

4 6 

0 

05 

07 1 

17 3 

12 5 

.24 

Average or total .. 

27 0 

45 9 

19 8 

3 0 

3 (. 

111 





June 4 

12.7 

40.8 

32 9 

7 0 

0 

79 

71 0 

4 5 

11 0 

0 

June 12 - -- - - - 

13 0 

47.7 

29 9 

9 3 

0 

107 

70 7 

2 7 

17 0 

00 

June 19-.. . 

48.3 

15 7 

20 2 

15 7 

0 

89: 

04 4 

10 2 

17 8 

1 71 

June 20. 

10 8 

21 0 

45.4 

10 8 

0 

119 

08 0 

14 2 

15 5 

05 

Average or total 

22 1 

32 2 

33.0 

12 7 

0 

394 1 





July 3 

i 15 2 

24.1 

i 42 1 

18 0 

0 

145 

73 8 : 

5 7 

13 S 

07 

July 10 - -- 

0 5 

24.6 

34 1 

11 0 

2 

138 . 

7.5 2 , 

4 0 

12 0 

0 

July 17. 

1 7.3 

15 4 

33 1 

19 8 

24 3 

130 1 

79 0 ! 

^ 4 

11 1 

14 

July 25 . 

0.9 

10 3 

20 7 

10 1 

45 7 

no 


4 3 

11.3 

0 

Average or total 

9 2 

19 1 

33 1 

10 0 

22 1 

.535 

80 ♦) j 




Aug. 1. 

0 

0.8 

32 9 

21 9 

:i8 4 ‘ 

73 

79 7 

3 9 ' 

13 3 

0 

Aug 10 -- - 

1 1 

4 3 

.‘14 0 

38 3 

22 3 

94 

77 0 ' 

2 1 , 

11 2 ■ 

0 

Aug 14_ - 

1 3 

9 3 

40 7 

17 3 ; 

‘25 3 

75 

77 5 

4 0 

8 7 ; 

0 

Aug 22 2 .. , _ _ . 


22 7 

18 2 

9 1 ! 

45 4 . 

22 

07 4 

Is 0 

18 0 1 

04 

Average or total. 

1 1 

8 0 

;i8 0 

‘25 4 j 

29 5; 

‘2t>4 



1 


Sept. 5_ 

20 0 

20 0 

20 7 

0 i 

'X\ 3 ! 

15 

<7 .5 ' 

10 I 

15 0 j 

0 

Sept. 14 - . 

5 0 

20 8 

10 8 i 

30 7 1 

‘2<) 7 : 

101 

(4 4 

11 8 . 

13 8 ! 

n 

Sept. 25_ 

2.9 1 

10 0 

30 8 1 

29.8 1 

‘20 0 1 

IIM 

.59 0 ; 

14 3 

15 3 ' 

1 07 

A\ erage or total 

5 0 j 

15 9 1 

24 1 1 

•28 2: 

2f) 8 i 

2‘20 

1 


1 


Oct. 3. 

8.1 1 

9.7 

33 9 

27 4 j 

21 0 1 

" 02 ’! 

()0 4 1 

1 

7 9 

10 1 1 

0 


» Average or total for week preceding date on which wireworms were counl«'d 
* Plot irrigaUvl Aug 21. 


Fallow Plot 

The data for tin* fallow silt-loam field are pros(>iited in table 2. 

Under bare-ground conditions the vertical movenn'nts of wire- 
worms are closely related to soil tempc'ratures. As soon as the soil 
temp(‘ratures began to rise above 40° F. in March, the wireworms 
moved upward into layers 1 and 2. After tlu; middle of June soil 
temperatures exceeded 75° F., and the wireworms then mov(‘d down¬ 
ward. Unfavorable soil-moisture conditions, no doubt, were a factor 
in this downward migration. Thus, the highest percentages of wire- 
worms in layer 1 were ri^corded in April and May, the highest in 
layer 2 occurred in May and June, in layer .1 in July and September, 
and in layer 4 in August. 
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Table 2.-• Seasonal vertical distribution of wireworms in a fallow plot at Walla 
WallOy Wash., in 1936 in relation to soil temperature and moisture 


Date 

Wireworms found in soil layer— 

7'otal 

wire- 

worms 

Weather data > 

1 

1 

1 

2 

1 

1 

1 

1 

1 3 

! 

4 

5 

Soil 

temper¬ 
ature at 
depth of 
ft inches! 

Moistui 

layt 

1 

■e in sod 

jr— 

2 1 

Hain- 

fall 


Percent 

! Percent I Percent 

Percent 

Percent 

1 

1 

oje 

Percent 

Percent 

Inches 

Mar. 12. ,, ! 

(1 

1 2 0 

i 52 ft ! 

36 H 

7 9 

3K j 

45.0 

26 2 

25.7 

0.15 

Mar. J9 .. . ; 

j 7 9 

1 13.2 

! 47 4 1 

1 2ft 3 

5 3 

:iK 1 

44 0 

25 1 

2fi 5 

.02 

Mar 2,*) .' 

79 

; 19 0 

; 44 4 j 

25 4 

32 

0:4 1 

45 0 

25.4 

27.6 

0 

Avorape or total. 

fi S 

12 9 

47 5 ! 

28 8 

5 0 

139 

- 



— 

Apr. 1 

12 2 

, 17 1 

, 34 1 

' 29 3 ! 

1 ** *1 i 

1 < 3 j 

41 

41 0 

25.4 

27 0 

20 

Apr 13 ... . 

40 0 

, 20 0 

13 3 

j 200 

1 ft 7 : 

15 

57 0 

10 4 

23 1 

.44 

Apr. 17 . . 

IK a 

4K 1 

11. 1 

1 18 5 

! 1 7 

27 

ftO 0 

1ft 4 

23 1 

0 

Av(‘rape or total . 

19 3 

27 7 

‘22 9 

; 241 

1 ft 0 

83 

! 

__ 



-- 

Mav 1 

<>0 0 

20 7 

ft 7 

1 ft 7 

! 0 

1 "“‘Tr 

1 03 0 

I oT 

202 

31 

.\Ta> 29 .. . . 

11 9 

04 4 

IK ft 

j 5 1 

! 0 

1 59 

j 73 0 

-.-7 

20 0 

0 

Avprape or total 

21 0 

r^\ s 

1ft 2 

5 4 

: 

; 74 

i : 



--- 

June 10 

10 9 

39 0 

30 5 

13 0 

i 0 

1 59 

i 71 0 1 



39 

June 22 . 

10 9 

19 0 

43 5 

, 15 2 

1 10 9 

1 40 

, -- r, 

1« 

" 12 2 

29 

Averape or total 

14 3 

30 h 

3ft 2 

' 14 3 

4 H 

, 105 


1 


... 

Julv H . 

9 7 

29 0 

54 K 

0 

' (> 5 

; 31 

1 83 0 

! 4 4 

13 2 

” .02 

Juh 20 

f) 3 

5 3 

57 9 

5 3 

•2ft 3 

i 19 

1 85 0 

1 2.3 

j <) 0 

.02 

Aterape or total 

H 0 

20 0 

0 

2 0 

14 0 

* .50 




-- 

A up. 1 

2 0 

2K 9 

21 1 

3ft S 

10 5 

* :tK 

' HO 5 

1 “23 

i 9. .3 

0 

Aup 22 

r> 9 

11 K 

23 5 

41 2 

17 ft 

17 

' HO 0 

! 5 5 

1 12 3 


A\einpe (»r lota! 

3 0 

23 0 

21 K 

th 2 

. 12 7 

' **..7' 

1 55 




1 

.N'pt 2t» 

0 

IK 7 

5K S 

13 8 

8 K 

80 

' lift 0 I 

t) 3 

9 2 * 


Oct. 21 

0 

2.*) 0 

33 3 

‘29 2 

12 5 

24 

.59 5 



: 0 


1 A vrnipo or total for wi-rk rn oMlinu date on which w’ireworins were counted 

AI F.\i.i'A Plot 

Tltc scasoiuil i-t'coids for the silt-loam alfalfa plot are shown in 
(al)le 

Tile weekly pereenlape of wir<*worms observed in layer 1 increased 
from 2(1 early in April to o4 by the middle of May. Early in the 
summc'i' the percentage in layer I began to decline because of the 
heat and dryness of the soil. This downward migration was greatest 
after the alfalfa was cut on May 20, July 20, and August 23. As soon 
as a heavy rain occurred, like that of June 21, or following h-rigations, 
more of the larvae' were found in layer 1, and as the moisture rapidly 
decreased they descended. The wireworms in layer 1 ranged from 
about 54 ])ercent in May to 6 percent in September. The percentages 
occurring in layers 2, 3, and 4 w'ere more miiform and were lower than 
in layi'r 1. 
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Table 3. —Seasonal vertical distribution of wireworms in an alfalfa plot at Walla 
WallOf Wash.y in 19S7 in relation to soil temperature and moisture 


Oate 

Wireworms found in soil layer— 

Total 

wire- 

worms 

W>athor data < 

1 

2 

3 

4 

5 

Soil 

temiier- 
ature at 
depth of 
6 inches 

Moisture in soil 
layer— 

Rain¬ 
fall 4 

1 

2 


Percent 

Percent 

Percent 

Percent 

Percent 

Xuinfjer 

°F. 

Percent 

Percent 

Inchen 

Apr 2 _ 

20.0 

16.9 

21 5 

30.8 

10.8 

65 

45 7 

34 2 

31 6 

0.73 

Apr. 9_ 

46.0 

20 6 

19 0 

7 9 

6.3 

6,3 

46.9 

29.8 

27.5 

.44 

Apr. 16.... ... 

47.0 

15 7 

19.6 

9 8 

7.8 

51 

50.2 

31 1 

30.1 

1 111 

Apr. 23... 

32.1 

19.6 

28 6 

19 6 

0 

,56 

47.3 

24.7 

24 1 

.22 

Apr. 30 . 

37 1 

22 S 

14.3 

25.7 

0 

35 

.50,0 

21 7 

22.4 

.26 

Average or total 

35.9 

18 9 

21 . 1 

18.5 

5 6 

270 




-- 

May 7__ _ 

48 8 

22 0 

9 8 

14 6 

4 9 

41 

52 5 

12.3 

15 8 

“o' ■ 

May 14... . _ 

34 9 

34 9 

18.6 

7 0 

4 6 

43 

53.6 

18.4 

16.2 

46 

May 21,... 

.54 3 

17 1 

14.3 

11 4 

2.8 

35 

.54 7 

13.9 

15 1 

0 

May 28. 

36 8 

' 21 0 

31 6 

10 5 

0 

19 

.57. 

10.0 

13 4 

02 

Average or total... 

44.2 

24 6 

16 7 

10 9 

3 6 

138 




- 

Juno 4_ .. 

25 0 

50.0 

20 (f 

5 0 

0 

20 

62 2 

6 1 

13 8 

0 

.Tune 11 _ 

2t) 9 

.30 8 

26 9 

15 1 

0 

26 

65 3 

14 3 

13 5 

3.1 

June 23. 

36 4 

20 4 

18.2 

20 4 

4 5 

44 

60 4 

33 1 

30 9 

1 46 

Jun(‘ 30--. 

45. 7 

25 7 

22 8 

.5 7 

0 

35 

63.3 

15 3 

21 0 

Oil 

Average or total. . 

35 2 

28 H 

21 6 

12 8 

1 r» 

125 

„ 




July 7. 

~~ 23 5 

27 4 

ai 4^ 

13 7 

3 9 


70.3 

1.5.2 

16 0 

0 

July 16. 

36 4 

21 2 

1 21 2 

IS 2 1 

1 3 0 

' 33 1 

! 70 7 

11 7 

14 1 

0 

July 2;i. 

17.2 I 

27 6 i 

1 37 9 

1 13 8 1 

3 4 

1 29 1 

1 7«i 1 ; 

9 2 

1.3 8 

i 

July 30. 

29 4 

29 4 

1 35 3 

i 5 9 

0 

! 

1 70 1 I 

27 1 

28 1 


Average or total... 

1 '2(\ 2 ! 

1 26 2 

1 30 8 

i 13 8 i 

i 3 1 

! 1-10 

1 

i 


j 


Aug. 6. 

j 3<) S ! 

1 42 1 

1 13 2 

' 7.9 ' 


1 38 ! 

i 70 9 

1 21 1 

1 21 0 

0 

Aug. 12. 

1 32 2 

, 16 1 

1 22 r» 

i 22 <i 1 

6 4 

31 1 

1 7 ' 

16 7 

' IK 2 

0 

Aug. 20. 

33 3 j 

i 7 1 

28 9 1 

8 9 

2 2 

45 i 

6 <» 2 1 

15 8 

1 16 4 

' 1.1 

Aug. 20. 

26 5 1 

1 17.6 

1 29 4 I 

21. 5 ' 

0 

34 ] 

64 0 

12 6 

i~-'' 

; 04 

Average or total . 

32 4 1 

26 4 

23 6 

15 5 ! 

-lit 

Hk 1 



L. ; 

- 

Sept. 3. 

36 4 1 

13 6 i 

22 7 i 

27.3 , 

i 

22 i 

64.8 ! 

16 9 

1 17 6 i 

06 

Sepl.9 , _. ...1 

1 31 7 

29 3 ! 

29 3 , 

7 3 ! 

2 4 

41 ; 

62 6 1 

24 2 

24 8 

26 

Sept. 16.’ 

(i 1 ' 

26 5 , 

40 8 ' 

21 5 i 

2 0 

49 i 

61 7 i 

21 2 

1 22 0 

0 

S<‘pt.23-. . 

1 13 0 1 

19 5 , 

, 37 0 ' 

2.1 9 1 

6 5 ' 

, to i 

58 3 i 

20 •’> 

' 20 2 

' 0 

Sept 29. -.. . 1 

18 0 

28 0 I 

1 32.0 

20 0 ' 

2.0 1 

.50 1 

55 r, I 

1 21 7 

; 217 

0 

Average or total . 

18 8 

24 5 I 

33 6 ! 

i 20 . 2 i 

2 9 ; 

208 1 



1 


Oct, 6 . .. I 

17 6 1 

I 5 1 

1 ' 23 5 1 

! 27 4 1 

7 8 1 

! 51 1 

1 55 6 1 

1 23 6 

1 22 8 

' 34 

Oct. 13.... 

12 0 < 

, 16.0 1 

40 0 1 

1 28 0 i 

4 0 1 

1 .50 1 

5.3 8 ] 

1 23 6 

22 5 

0 

Oct. 20 _ 

21 6 

i 

35 1 

21.6 , 

0 

37 

1 49 8 I 

! 2.3 4 

22.1 

, . 23 

Oct 27 ... .... . 

18 8 

18 8 j 

15 6 

' 28 I 

18 8 : 

1 .32 1 

i 52 9 i 

22 .5 

22 0 

0 

Average or total. _ 

17.0 

20 0 1 

29 4 , 

26 5 i 

7 J 1 

1 170 ! 

, 1 





1 A verap^e or total for prt»c«‘clinjj daU* on which w'lrcworins were counted 

2 Plot imputed on June 7, July 13 and 25, Aug. 30, and Sept 4 and 11 


Potato Plot 

The spjisonal rocords for tli(‘ silt-loam potato jilot an* shown in 
tal)lp 4. In this plot tlip soil was dug b(»twp(‘n the rows. 

Fairly uniform numbors of wiroworms bptWH'pn 20 and 40 pprccnl 
WTH' pros(‘nt in laytu* 1 in April and May. The porcpntagt* in this 
layer went below 20 in Juin* and July ow ing to heat and dryness, but 
aft(T the heavy rains late in June the pereeiitagt' mereased, and as the 
moisture disappean‘d with rising temperatures the larvae descended. 
The same response w^as noted following irrigations throughout the 
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summer. In general, th(‘ percentages in layer 2 were higher than in 
layers 1 and 3 throughout the spring and summer. In layer 3 the per¬ 
centages were low in the spring and high in the summer and fall. In 
layen 4 they were low in the spring and early summer, rose in August, 
and remained high through October. Few larvae remained below 12 
inches fiom May to August, inclusive, and about as many were below 
this de^;)th in April as in St'ptimber. 

In spite of the greater accumulation of wireworms in the soil of a 
potato hill as compared with that in soil between rows, essentially the 
same depth distribution as reported has been observed. 

Table 4. —Seasonal vertical distribution of wireworms in a potato plot at Walla 
Walla, Wash,, m 1937 in relation to soil temperature and moisture 



\V ireworras found in soil layer— 



Weather data >■ 


1 )ate 

, 

2 

1 

3 i 

4 


Total 

wire- 

worms 

Soil 

temper¬ 
ature at 

Moisture in soil 
layer— 

Rain¬ 
fall 2 




j 




depth of 
0 inches 

' 

2 

Apr 0. 

Apr. 12 . . . 

Apr . 

Apr. 20 

Percent 
21 3 

21 3 
14 3 

22 2 

Percent 
21.3 
30. 2 
.“jO 0 
5.'i 0 

Percent^ 
27 0 i 
10 0 ' 
10 7 1 
13 9 1 

Percent 
25 5 
19 1 
10.7 

5 0 

Percent 
4 2 
12 8 
14 3 

2 8 

Nu mher 
47 
47 
28 
30 

48 0 
51 0 
51 0 
A3 5 

Percent 
31 5 
28.1 
25 4 
21 1 

Percent 
31.5 
27 2 
27 9 
22.7 

Inches 

1 11 
27 
.89 
.22 

Average or lolal... 

20 2 

3K t> 

10 4 

to 4 

...11 

158 

. 


. 


May 3 . 

22 

fiH 1 

19 4 

0 

0 

31 

(lO 5 

17 0 

22.3 

.26 

May 10 . 

2H ft 

4,") 7 

11 3 

5 7 

5 7 

35 

01 0 

13 4 

18 0 

.18 

Mlj 17 . 

40 1 

/M) 0 

9 ti 

0 

0 

52 

(>4 0 

17 9 

21 1 

.28 

Mav 24 .. , 

29 .“i 

<>] 4 

9 1 

0 

0 

44 

08 0 

11 1 

19 8 

0 

Average or 1(0al . 


A3 7 

12.3 

1 2 

1 2 

102 





June 2 


'2<> t 

■2t» t ‘ 

s s 

0 

31 

70 0 

m 5 

19 0 

02 

JuneO 

17.1 

5K 

17 1 

7 3 

0 

41 

73 0 

12 2 

14.0 

.(H 

June 14 -- 

13 3 

30 0 

to. 7 

10 0 

0 

30 

71.0 

3 

20 0 

.31 

June 23 

17 .s 

37 H 

35 0 ' 

4 4 

4 4 

15 

08 0 

30 0 

27 3 

1 40 

Jlira-30 . 

9» 9 

1.7 0 

25 tJ , 

12 5 

0 

32 

78 5 

11.0 

20 0 

.06 

A\erage or lot'^L.. 

24 7 

35 7 

30 2 j 

8 2 

1 1 

1 182 





Jiih 0 

7. I 

40 1 

40 4 i 

0 

0 

28 

' 80 0 

18 4 

2-4 8 

0 

Julv 11 

22 2 

to 7 

; 33 3 

3 7 

1 9 

27 

1 «t 0 

14 I 

22 1 

0 

Jul.\ 21 

! 11 X 

01 8 

' 2;} 5 ! 

2 9 

• 0 

34 

, 84 0 

19 4 

22 7 

0 

Juh 20 

1 

44 0 

: 40 <j 

10 0 

0 

25 

1 8() 0 

21 3 

2;i 9 

.18 

A\eraee or total 

1 19 

49 1 

1 35 1 

5 3 

' 0 , 

1 IH 


i -- 

;- 


Aug 4 . 

1 2tt 0 

53 3 

1 2f( 7 • 

0 

i 0 i 

1 15 j 

P 77 « 

31 5 

i 32 2 

___ 

Aug 10 _ 

1 19 0 

42 8 

i 23 8 ; 

It 3 

0 ' 


' 79 0 

19 9 

1 22 S 

0 

Autr. 17 

, 2ti 3 

20 3 

1 2tl .1 ' 

15 8 

, 5 3 1 

1 

70. 5 

15 5 

1 20.4 

.15 

Aug 2<» . 

0 

27 8 ' 

1 114; 

27 8 

0 

18 

70 0 

24 3 

' 2.5 5 

.04 

Average or total 

10 4 

37 0 

; 30 1 

15 1 

1 ij 


1 _ 




Sept 1 .. 

Sept S . 

i „ 

18.4 

i 1 

20. 3 

1 " 9 1 

1 38 

1 71 0 

~ liTiT 

; 19 5 

.06 

1 t. 7 

20 0 

i 40 0 ' 

33 3 

0 1 

15 

i 71.0 

25 t. 

1 25 9 

.20 

Sept. 21 . 

3 3 

20 7 

, 3.1 .1 • 

30 0 

: 7 

30 

1 70 0 

28 5 

1 28 1 

0 

Sept 29. 

; 14 3 

7. 1 

1 35 7 

2S ». 

1 14 3 

14 

t'..3. 0 

23 3 

i 

0 

Average or total 

1.1 

19 0 

1 2; 

28 9 

\Ui} 

97 




. 

Oct. 0 

12 5 

25 0 

i 43 8 ! 

IS 8 

1 ® ' 

10 

57 5 

20 8 1 27. 2 

34 

Oet 13 .. 

4 2 

1 25 0 

1 37 5 1 

m 3 

' 0 

24 

57 0 

25 8 

25. 3 

0 

Oet 20. 

3 0 

: 12.1 

39 4; 

33 3 

1 12 1 i 

33 

50 0 

2;i 9 

24 t 

1 '23 

Oct.27_ .. 

9___ 

1. 

1 

35 5 

1 9 7 i 


57 0 

211 

22.6 

1 ^ 

Average' or total . 

4 8 i 

1 18 3 

39 4 1 

! 

31 7 


1 104 

. 

— 


i 

1. 


‘ AveratfP or total for W(>pk: prewMlinR date* on whioh wireworms were etmnted. 
2 IMot irrigated June 7, July 6, and August (’»and is. 
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PARMA, IDAHO 

Th(' observations at Parma were made during the growing seasons 
of 1936 and 1937. In 1936 the studies were conducted in one plot 
only, in wdiich potatoes were grown; in 1937 a fallow plot and a corn 
plot were used. Each plot was one-sixth of an acre, and all the plots 
weiH' located on the same 5-a(Te tract, where the soil w^as of a clay-loam 
type. The fallow plot was not irrigated, but the corn and potato 
plots were irrigat(*d s('veral times during the growing season. 

Potato Plot 

The data for the potato plot an' presented in tabh* 5. The first 
examination was made on March 16, iK'arly a month before th(' 


Table b.— Seasonal vertical distribution of wireivorms in a potato plot at Par may 
IdahOy m 1936 in relation to soil temperature and moisture 



Wireworms found u 

sjul la>er 


Weather data ' 

Date 


i 

1 

1 

1 

Total 

Soil tern- 




1 

2 


t 

1 

wire- 

jH'ratnre at 

Kairi- 





worms 

depth of 

faM a 




j 




(i inches 



Percent 

Perant 

1 Percent 

J*ercent 

Percent 

Su mher 

P. 

Inches 

Mar 16. 

4 2 

16 8 

34 8 

25 1 

18 8 

95 

41 9 

0 06 

Apr. 16_ 

m) 8 

9 tJ 

1 11 8 

22 8 

25 0 

136 

56 1 

0 

May 8 . 

40,0 

44 0 

' 8 0 

1 0 

4 0 

25 

63 3 

12 

May 15 

5;i 2 

40 6 

3 2 

3 2 

0 

32 

65 8 

02 

May 23. . 

42 4 


18 2 

t.1 

6 0 

33 

73 9 

0 

Average or total . . 

45 2 

36 3 


5 4 

3 3 

90 



Jun<' 5 . 

42 2 

26 4 

26 4 
20 (» 

() 

5 2 

19 

74 8 

I 26 

June 18. 

:io 8 

18 0 

0 

7 H 

39 

75 9 

.03 

June 27- 

3 6 

35 H 

57 2 

;tfi 


28 

77 5 

.18 

Average or total. - _ 

25 6 

26 8 

34 7 

8 8 

4 0 

86 



July 3_ 

13 8 

41 4 

31 0 

8 

6 8 

29 

81 0 

0 

July 10-.-.- 

14 2 

8 6 

1 0 

11 4 

5 6 

35 

82 9 

14 

July 18 . - . _ 

5 6 

40 8 

24 0 

22 2 

7 6 

54 

78 1 

02 

July 25 _ -- 

22 2 

26 0 

26 0 

14 8 

11 2 

54 

85 5 

0 

July 30 ... _ 

5,8 

12 8 

I 43 8 

20 6 

; 16 4 

102 

86 2 

1 0 

Average or total- -- 

12 4 

26 0 

' 36 8 j 

i 

9.6 

274 



Aug 7 . _ _ 

10 6 

19 2 

j 38 6 

I '"2 

12 2 

57 

85 3 

29 

Aug. 14. . 

5 2 1 

1 14 0 


33 4 i 

26 (» 

57 

84 2 1 

02 

Aug 21 _ 

2 8 1 

1 17 4 

49 2 ; 

: 20 2 

10 0 

69 

82 9 1 

0 

Aug 26_ -.- 

5 2 1 

30 8 

30 7 

1 23 0 

[ 10 2 

39 

81.5 , 

__ _1 

0 

Average or total. _ 

6.0 

20 4 

34 9 

1 24 0 

14 8 

' 222 



Sept. 2 . - . .. 

2.8 

31 4 

38 6 

17 2 

10 0 

70 

77 T! 

! <>9 

Sept. 9 - . _ 

4 2 

22 8 ; 

37 2 

21 4 

14 4 

70 

71 2 1 

25 

Sept. 24_ _ _ 

0 

14 6 

50 0 

18 8 

16 8 

48 

64 9 

0 

Average or total .- -.- . 

2 4 

23 0 

42 0 

19 2 

13 8 

188 

) 

__ 1 


Oct. 13 ... . 

3.6 

32 2 

19 6 

14 2 

30 2 

.56 1 

62 8 1 

0 

Oct. 30 .... ... _ 

1 4 

30 4 

13 0 

26.0 

29 0 

69 1 

51 6 1 

0 

A verage or total ... 

2 5 

31 3 

16 3 

20 1 

29.6 

125 1 

j 

- 


» Average or total for wc(‘k preecding date on which wireworms were counted. 
» Plot irrigated May 29, June 27, July 3,9, and 21, and Aug. 30. 


potatoes were planted. At this date only 4 percent of the wireworms 
were in layer 1, which showed that little upward movement had yet 
occuiTcd. The average soil temperatun' for the prect'ding week was 
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about 42° F* At tbo next observation, on April 16, the wireworms in 
layer 1 had increased to 31 percent of the total, and the percentage in 
this layer was consistently above 30 until after June 18. The seasonal 
peak, 53 percent, was reached about May 15 and was preceded by an 
average temperature of 65.8° F. After June 18 the wireworms began 
to leave tho surface zone, and most of them stayed below the 3-inch 
depth the remainder of th(‘ season. Layer 3 contained the highest 
p(*rcentag(' of wir(»worms from June to September. 

The potatoes, which w(‘re planted on April 10, did not come up 
until about May 10, and did not provide much shade before May 20. 
By August 20 the vines were beginning to dry up, affording less shade 
from then on until the potatoes were harvested. The principal 
eiffecls of irrigation W(‘re noted in layer 1, where wireworms that had 
be(‘n driven down by h(»at and the dryness of the soil tended to return 
and remain near the surface for a time following irrigations in June 
and July. 

Corn Plot 

Soil observations were made as early as April 27, but the corn was 
not nlanted until June' 9 and it was not large enough to afford much 
shade until the end of June. 

The data for this plot are presented in table 6. From observations 
made in a neughboring plot, it is known that the wireworms became 

'J\rlk fi. Svasonal vertical diHirihution of icireivormtt in a corn plot at Parma* 
Idahoj in in relation to soil temperatim and moisture 


Wireworms foumi in m)i1 layer— ! j Weather dal a ' 


Date 




1 


Total 

Soil tern- 








wire- 

perature at 

Rain- 



“ 




w'orm<; 1 depth of 

fall ? 








fi inches 



PfrccHt 

Ptrcetif 

Ptretnt 

Percenf 

Percent 

Xumfnr 

0 

Incher 

Apr 27 

2h g 

11 2 

17 8 

2fi fi 

J.5 4 

4.5 

55 0 

0 12 

Ma> 21 

fil fi 

. 27 0 

3 8 

' 7 fi 

0 

2fi 

68.7 

94 

June 10 . 

20 0 

A7 0 

,35 0 

2 fi 

.5 2 

40 

70 0 

.16 

June 17 

.VI 4 

2.5 8 

19 0 

0 

1 8 

.58 

66 0 

.09 

June 21 

21 4 

42 8 

.34 0 

1 8 

0 

.56 

68 2 

08 

ANernge (tr t<»tal 

.11 fi 

.L5 2 

29 3 

1 5 

2 3 

1.54 


- 

July 7 

0 

.18 0 

47 fi 

12 0 

2 4 

42 

79 7 

0 

July I.*) 

S 8 

2t» 4 

32 4 

17 fi 

11 8 

34 

81 0 

12 

Jul> 22 

fi 

37 0 

4fi 2 

7 4 

3 8 

.54 

82 fi 

0 

Jul> 29 

7 8 

fi:t fi 

27 2 

0 

1 2 

77 

84 0 

.09 

AvtTRge or total 

.'■) fi 

42 0 

, 5 

9 3 

4 8 

207 

_ 

1 -- 

Aug r> 

1 11 4 

; liH. fi 

45 4 

2 2; 

2 2 

44 

78.4 ! 

! Too 

Aug 12 

! 0 

i 29 0 

45 2 

22.fi ' 

3 2 

31 

84 0 j 

1 0 

Aug 19 

' r> 4 

4.5 4 

21 8 

7 2 

20 0 

.5.5 

82.fi 

0 

Aug 2fi 

13 8 

1 20 6 

, 20 « 

31 0 

13 8 . 

29: 

80 4 I 

0 

A\erage or total 

_ 

3:^ 4 

, :«3 

15 H ! 

9 8 • 

1.59 , 



Sept 2 1 

' 10 0 ' 

45 0; 

277ir 

10 0 

7 fi ' 

40 


0 

Sept 9 1 

1 3fi 2 < 

13 8 ! 

! 19.4 

11.2 

19 4 

36 

72 7 ’ 

.01 

Sept 

0 ' 

40 0 

30 0 

10.0 . 

20 0 

30 ; 

74 1 1 

0 

Sept. 24 

! 2 0 i 

14 0 1 

1 20 0 , 

32.0 1 

32.0 

.50 j 

71) 0 

..50 

Sept 30 , . . , 

1 « 

6 6 

34 4 , 

29.6 , 

28 0 : 

61 i 

62.fi j 

0 

Average or total _- 

10.0 

9 i 

2fu3 i 

18 5 . 

1 

21 4 ' 

i 






* Average or total for week iireec'ding date on which wireworms were counted, 

* riot irrigated June 3 and 12, July fi and 22, and Sept. 2. 
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active and began to move upward about the first of April. On April 
27, 29 percent were found in layer 1. A rainfall of 0.94 inch on 
May 19 was followed by an accelerated movement of wireworms 
into layers 1 and 2, and the population on these layers reached 89 
percent on May 21. Although there was no immediate increase in 
soil temperature, the percentage of wireworms in these layers had 
dropped to 57 by June 10. One week later, however, the percentage 
above 6 inches had again increased to 79. This upward movement 
was probably a response to the drop in soil temperature and to the 
rainfall and the irrigation between June 10 and 17. The presence 
of abundant food in the form of germinating corn also doubtless 
played a part. Wireworms were found congregated in the corn rows 
feeding on the sprouting corn on June 17. 

A strong downward movement began toward the end oi June, and 
on «Tuly 7 no wireworms were found in layer 1. The population of 
layer 2 also showed a downward trend from June 24 until July 15. 
During this period of the summer the mean weekly temperature rose 
from 68.2° to 81° F. 

The increasing shade afforded by the growing corn, together with 
rains and the irrigations of July 6 and 22, brought about favorable 
conditions in the upper layers, whieli were reflected in the accmuula- 
tion of wh’eworms in layer 2 and a slight increase* in layer 1 during the 
latter part of July. Layer 3 showed no definite trend during July, 
but layer 4 showed a small accumulation, reaching a peak of 17.6 
percent on July 15. From July to the end of Sept(*mber the percent¬ 
age of wireworms in this layer was irregular. The 30 pei*c(*nt found 
here at the end of the season was probably about the p(*re(‘ntag(* that 

1 )assed the winter at this level. An accumulation of wireworms in 
ayer 5 began about- the middle of August. 

In layers 2 and 3 wireworms were found at (*very obs(*rvation 
throughout the season. Layer 2, containing tin* high(*st maximum 
and the highest minimum for tin* season, and the higln‘sl monthly 
average percentage of wireworms, was on tin* whole tin* most heavily 
populated layer during the season. Layer 1 showed tin* gr(*at(*st 
variation during the season, tin* percentage ranging from 62 on Alay 21 
to 0 on July 7, August 12, and Septciinber 15. 

Fallow Plot 

In the fiillow ])lot no weeds w-ere ])ennittwl to grow iind no irriga¬ 
tions w-ere made. 

Tlie data on the wrireworm dLstril>ution are presented in talde 7. 
Although the wireworms tended to remain deei)er in tlie soil through¬ 
out the season than in either tlie corn plot or the potato plot, the 
seasonal movement was closely correlated wdth the. trends observed in 
the other two plots. 

A rapid movement of wirewonns to the. surface began about the 
first of April, and during April and May the largest percentages were 
found in layer 1. On May 27, 64 percent were found here, but by 
Juno 3 the percentage had dropped to 24. Most of the wireworms did 
not immediately go deeper than 6 inches, for on the same date layer 2 
contained 52 percent of them, an increase of 42 percent over the 
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Table 7.—Seasonal vertical distribution of wireworms in a fallow plot at Parmat 
Idahof in 1937 in relation to soil temperature and moisture 


Date 

Wireworms found In soil layer— 

Total 

wire- 

worms 

Weather data 4 

1 

2 

3 

4 

5 

Soil 

temper¬ 
ature at 
depth of 
6 inches 

Moisture in soil 
layer— 

Rain¬ 

fall 

1 

2 

Apr. 2. 

Apr. 9_ 

Apr. 10 _ 

Apr. 23 - . 

Percent 

11.fi 
35.4 
32.0 
53.0 

Percent 
ll.O 
10 4 
19.2 
17.0 

Percent 
8.4 
20 8 
19 2 
11 8 

Percent 
25.0 
12 4 
15.4 
7.8 

Percent 

43.2 

20.8 

13.4 

9.8 

Number 

00 

48 

52 

51 

48.2 

45.9 

52.0 

63.0 

Percent 

21.7 

Percent 

20.0 

Inchei 

0.38 

.23 

0 

0 

A\craf*o or total - 

33 0 

H 7 

15.0 

15.2 

21.8 

211 




. 

May 0 - . 

43.0 

25.0 

12.8 

2.0 

15.2 

39 

02 1 

13.2 

16.6 

A2 

May 13 _ 

32 0 

20 0 

10 0 

1.5,0 

22 4 

40 

04,9 


. 

.05 

May 21 . 

54 0 

13 0 

9 0 

10 0 

0 8 

44 

08.7 



.94 

May 27. 

04.2 

10,2 

7 0 

12 8 

5 0 

39 

71 4 

7 9 

15.5 

.02 

Averafie or tidal 

48,0 

17.4 

9.9 

11 0 

12.4 






Juno 3 

24 2 

51.8 

” 17 2 

~~ 3.4 

3 4 

29 

67 5 



0 

June 9 . 

7 0 

15, 4 

40 2 

11 0 

19 2 

20 

70 0 



.12 

June 17 . 

21 2 

IK. 2 

39 4 

12 0 

9 0 

33 ! 

00 0 

14 7 

18 2 

.13 

June 24 . 

15 4 

25 0 

27 0 

17 4 

15 4 

52 

68 2 

.. 


.08 

ANcraui' 01 total . 

17 1 

27 0 

1 J- ^ 1 

11 1 

11 8 

140 





July 1 

0 j 

32 2 

1 48 4 

^2 

10 0 

31 

73 8 


‘ 

- 

July 7 . 

0 i 

19 0 

1 17.0 

19 0 

44 0 

41 

79 7 

17 0 

22 9 

0 

July 15 

19 0 

13 0 

1 32 4 

10 2 

19 0 

.37 

81.0 

10 5 

17.0 

.12 

July 21 

3 0 

2(i 2 

29 2 

13 8 

27 0 

05 

82 0 



0 

Jul.y 2t) 

() 

29 H 

1 23 4 

23 4 

4 

' 47 

84,0 

8 4 

10 7 

.09 

A \ Cl age 01 total 

4 0 

24 4 

1 

15 2 

20 0 

i-. 

1 7 

; 

1 -1- 

i' 


Aug. 5 

7 0 

1 30 H 

' 27 (» 

n 0 

1 23 2 

; 2n 

78 4 


! . 

! 09 

Autr. 12 

0 

, 14 0 

; 28 0 

17 2 

i 40 0 

’ 04 

84 0 

12 2 

18 5 

! 0 

Aug 19 .. 

; 5 s 

:40 K ) 21 2 

15 4 

1 20 8 

.52 

82 0 

12 1 

1 IJ 1 


Aug. 20 

i 0 

13 0 1 31 H 

31 S 

1 22 h 

. 44 

. 80 4 


:. 

! 0 

Ay Cl age or total . 

3 4 

22 3 

27,0 

19 0 

1 28 3 

ISO 



1 

Sci»t.2 

1 4 

.32 0 

34 0 

14.0 

1 “ 17 T 

" 7,7 

, 75 0 

I 8 8' 

IS 3 

0 

Sopt. 9 

2 t 

19 0 

39 0 

31 8 


41 

72 7 

i 8 2 

12 1 

.01 

S«-i)t 1 'i 

4.4 

22 2 

20 0 

17 8 

! . 3,5 s 

45 

74 1 

1 9 0 

14 3 

0 

Sopt 24 

: 0 

7 4 

19 0 

j 19 0 

: 53 s 

! 

1 70 0 

1 11.0 

17 0 


Ay crape or total 

1 

20 3 

28 .3 

1 21 0 

j 28 0 

' 202 

1 

[I 

1 


. 


* A^ (‘irtpo or lo’al for ^w<'k i)r('cc(1iim on which wirowoim counts w'Pic made. 


population found at this lovol 1 week earlier. On June 9, 46 percent 
were found in layer 3, this beinji 29 percent more than were found in 
this layer the j)revious week, and comparison with layers 1 and 2 will 
reveal that this increase was occasioned by downward penetration of 
wirewonns from al)ove 6 inches. 

After the first of June wireworms were in general progressively less 
numerous in layer 1, although they tended to return for a brief time 
following the occasional showers that occurred in June, July, and 
Atigust. Showers in the third week of September, however, caused no 
upward movement, for by that time the surface-soil temperature had 
fallen below' those favored by wireworms, and they were attracted to 
the wanner soil below’. 
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COMPARISON OP VERTICAL DISTRIBUTION OP WIREWORMS IN PIELD PLOTS 
At Walla Walla, Wash. 

The cumulative percentages of wireworms for successive layers of 
soil by months and plots at Walla Walla are presented in figure 1. 



Figure 1. — Soil temperature at 6-inch depth and montldy percentages of wire- 
worms in different soil layers at Wall Walla, Wash. 

The maximum percentage of wireworms within 3 inches of the soil 
surface occurred during April and May, when there were from 19 to 44 
percent in this layer of soil. During July and August high soil tem¬ 
peratures and low soil moisture tended to drive the w ireworms down¬ 
ward to greater depths. However, in the potato and alfalfa plots the 
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percentage remaining in the upper 3 inches was greater than in fallow 
plots. 

From 47 to 85 percent of the wireworms were in the first 6 inches of 
soil during April and May. In the fallow and spinach plots, with ex¬ 
posed soil surfaces, the percentages dropped below 30 in July, but in 
the alfalfa and potato plots more wireworms, up to 59 percent, were 
found above the 6-inch depth. 

The percentage of larvae within 9 inches of the soil surface was from 
86 to 95 during May but decreased in the fallow and spinach plots 
during June and July so that in these plots it was less than 50 during 
August. 

Practically all the larvae in all the plots were in the first four layers 
of soil during May and June, and in the potato and alfalfa plots there 
were never less tlian 90 percent in the upper 12 inches. In the fallow 
plot, however, only 86 percent were found in these layers in July, and 
in the spinach plot only 70 percent were found there in August. 

At Parma, Idaho 

The cumulative percentages of wireworms for successive layers of 
soil by months ana plots at Parma are presented in figure 2. The 
potato plot was jdanted April 10, but no important amount of ground 
cover developed before the middle of May. The coni plot was not 
planted until June 9. Hence all three plots at Parma were essentially 
devoid of ground cover during March and April, and no significant 
<livergence in wirewonn movements was expected. It did seem sur- 
jirising that the clos(‘ agreement in seasonal trend continued for the 
three cover situations during the remainder of the summer. From 
May to vSi'ptember the percentages of wireworms in all layers were 
lower in the fallow plot than in eitlier of tlie two cropped plots. This 
was to be expected, since in the fallow plot there was little food to 
detain them at the higher levels, and, moreover, there were greater 
extremes of heat and dryness, factors that would cause them to remain 
de^^ in the soil. 

ihe jiercentage of wireworms within 3 inches of the soil surface 
never exceeded 02, and that percentage was approached in May only. 
In July they practically disappeared from this layer. The percentage 
of larvae within 0 inch(»s of the soil surface reached a maximum of 88 
during May and dropped below 50 in each plot during July, The 
percenlag(‘ of wireworms within 9 inches of the soil surface reached 
90 in the corn plot during June. Below the 12-inch depth of soil 
the average percentages present in May and June ranged from 12 
for the fallow jdot to 0 for the corn plot. There was a gradual down¬ 
ward migration during the summer months, and in August about 
28 percent of the wirewonns that were found in the fallow plot were 
more than 12 inches below the soil surface. 

MONTHLY MEAN DEPTH OF WIREWORMS 

The monthly mean depths throughout the season at Walla Walla 
(fig. 3) show that the wireworms move toward the surface in all plots 
very early in the spring. This migration began early in March, 
wheii the temperature of the soil was 40° F. or above. The upward 
movement ceased after April in the spinach plot and after May in 
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the other plots. The average soil temperature when the average 
depth of the wireworms was 4 to 5 inches was approximately 66° F. 

Coincident with changes in the soil environment at the surface, 
especially when the average soil temperature reached 75° F., there 



MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. 

Figure 2.—Soil temperature at 6-inch depth and monthly percentages of wire- 
worms in different soil layers at Parma» Idaho. 

was a downward movement which continued into July iti the alfalfa 
plot and into August in the other plots. The exposed soils of the 
spinach and fallow plots show the greatest vertical movement, the 
average depths in August being 10.5 and 8.5 inches, but in the shaded 
alfalfa and potato plots the average depths were 5.5 and 6 inches. A 
slight upward movement occurred m the fallow and spinach plots during 
September, when soil-surface conditions again became favorable for 
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wireworms. At this season the average temperature was again near 
70° F., and moisture from irrigations and fall rain had wet the surface 
soil. On the other hand, the wireworms in the alfalfa and potato 
plots continued their downward movement during September and 
October, following the drop in temperature. Here it appears that 
wireworms definitely prefer the warmer subsoil temperatures. At 
the close of the season the wireworms in the alfalfa plot were at an 
average depth of 7 inches, in the potato and fallow plots 8.5 inches, 
and in the spinach plot 9.5 inches. 



Fica RE 3,—Monthly mean depth of wireworms in the first 18 inches of soil, with 
monthly mean soil temperatures for the surface 6 inches (7-year average) at 
Walla \VaIla, Wash. 


At Parma (fig. 4), altliougli the studit^s were carried on in botli 
fallow' and cropped situations, the general trend in depth distribution 
was closely parallel in the three plots studied. The greatest seasonal 
range* ui vertical movement occurred in the cropped plots, being 5.1 
inches for both the corn and the potato plot, and 4.1 inches for the 
fallow plot. The* seasonal movement downwrard after May w^as more 
abrupt and consistent in all plots than at Walla Walla. Although 
there*, is a suggestion of an upward movement in September in the 
fallow and potato plots, no such incipient trend is showm for the corn 
plot. Apparently, the secondary upward movement of wireworms 
described by Bryson ^ as occurring in September in Kansas is not 
characteristic of the behavior of these insects in the Parma region. 

DISCUSSION 

Notwithstanding difTerences in soil type as between Walla Walla 
and Parma, and m spite of any conceivable influences imposed by 


* Soe footnote 5. 
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variations in cliniatc, or diversity of crops grown in the experimental 
plots, certain points of similarity in seasonal movements of wireworms 
are demonstrated for the two localities. The majority of the larvae 
passed the winter below the 6-inch depth. A study of several years' 
notes of observations in the early spring showed that an upward 
movement began about the first of March, or when the mean weekly 
soil temperature at 6 inches reached 40° F., and this movement pro¬ 
ceeded gradually for several weeks, corresponding closely with seasonal 



Figi re 4.—Monthly mean depth of wireworms in the first 18 inches of soil, \\ith 
monthly mean soil temperatures for the surface fi inchcvs (r>-y(*ar average) at 
Parma, Idaho. 


rise in soil temperature. The rate iiu'ri'ased sharply aft(‘r temptua- 
turcs reached 50°, wliich was usually about th(‘ middle of A|)ril. 
The greatest conct'Utration of the larvae above 6 in(*hes was in May, 
when conditions in the surfa(*e lavers of soil tipproached llu^ seasonal 
optimum for wireworms. Larval feeding was also heaviest in May 
and early Jum*, when the larvae were found at various tim(\s to b(‘ 
congregated near the soil surface. At the onset of unfavorable con¬ 
ditions of heat and dryness they would go deeper, and move upward 
again after rains or during periods of cloudy, cool weatluT. 

Aft(»r the middle of June a definite downward trend was noted. 
It was most noticeable in fallow plots, wh(»re there was no slunh' or 
insulation against soil-surface temperatures, which wer(‘ then 
approaching their seasonal maxima. At Walla Walla, where obser¬ 
vations were made on both silt loam and sandy loam, the larvae 
retreated more rapidly and to greater depths in soils of the latter 
type. This was particularly true in Juru', July, and August, and 
was presumablv due to the greater heat-conducting capacity of the 
sandy-loam soils, and also to their tendency to dry out rapidly. Soil 
type appeared to have little bearing on vertical distribution of wire- 
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worms during April and May, when the surface environment in all 
types of soil tended to be favorable for the insects. 

Temperature again seemed to become a dominant factor in the 
fall, causing a downward movement of the larvae. At this season, 
however, surface temperature below the optimum rather than that 
above it occasioned the movement to lower depths. The wireworms 
were attracted to the warmer subsoil layers when the mean tempera¬ 
ture at 6 inches fell below 60® F. 

The vertical distribution of wireworms is directly related to the 
damage to crops caused by these insects. During March and April, 
as the wireworms begin to migrate from the subsoil layers into the 
surface soil, they find seeds and newly germinating plants to feed on. 
The early-germinating seeds of sugar beet, potato, onion, carrot, pea, 
and radish, wliich are planted in March, have usually passed the sus¬ 
ceptible stage b(‘foro the wireworms begin to arrive at the base of 
tlie roots of these plants. The seeds of corn, bean, tomato, and cab¬ 
bage, and onion s(‘ts are planted usually early in May, when the 
gr('at(‘st concentration of wireworms is found in the seed zone; con- 
secpiently many seeds and young susceptible seedlings are destroyed. 

Every year wireworms thin out stands of many crops that are 
planted early in May, but in the last week of May or the first W(‘ek of 
June' a halt is put to thes(‘ ravages, wlnm the soil surface becomes so 
warm that the wireworms move down to cooler layers. Seeds planted at 
this time have a much better chance of surviving the seedling stage. 

Tin; opposite* is true of tlie tuber crops that are maturing early in 
July. ()wing to the up-and-down moveunents of the wireworms 
between the surface and the plow line, the chances of tuber injury 
are* much greate*r. A week or 10 days^ d(*lay in the harv^esting of 
early potatoes sometimes makes a dift’erc'iice between obtaining a 
marketable and an unmarketable crop. 

In midsummer, whem soil temp(*ratures are at their peak and the 
soil is drying e>ut in the surface layer, a strong downwarcl migiation of 
wire'worms occurs. Many of the olcler wireworms molt at this time, 
and some transform to the adult stage in July and August. There is 
much I(*ss fec*ding during thc'se months. Phirly-fall rains cool and 
moistc'U the soil surface, and a few of the wireworms return in Septem¬ 
ber to feed on the fall-planted crops. But with the seasonal decline 
in t(*mp(*rature activity is r(*tarded, and the wireworms near the sur¬ 
face soon migrate downward again to depths at which they pass the 
winter. 

CONTROL 

The verti(*al distribution of wireworms has a direct relation to 
control recommendations. When carbon disulfide^ is used against 
wireworms, it must be placc'd a few mches below the soil surface to 
force its diffusion downward. When placed 3 or 4 inches deep, it 
diffuses downward but not horizontally in lethal doses, and the 
])Oorest kill is usually found above this level. From the data on 
vertical distribution the best time to treat soil with carbon disulfide 
would seem to be July, August, and September, when the largest 
numbers of wireworms are below 6 inc'hc^s in the soil. 

« Lank, M. C., nnd OinaoN, K. K. cAuaoN disulphide as a control for ^'iREwoRMa. Jour. Econ. 
Enl. 2fi. 958-907. illus. 1932. 

472ai:«—42-2 



142 


Journal of Agricultural Research 


VoI.66,No.8 


When a poor-diflfusing chemical, such as crude naphthalene, is 
used, it is desirable to treat the soil when the wiroworms are near the 
surface and easy^ to reach. In fallow plots it appeps that naph¬ 
thalene fumigation of soil, when the material is applied Iw plowmg 
and disking, should be most effective in April, May, aad June when 
the majority of the wireworms are in the top foot of soil. 

In the control of wireworms by flooding and drying their depth 
distribution is less important. Flooding must be done when the 
temperatures are at their highest, and drying requires nearly a whole 
season. 

The best time to attract wireworms to baits is during April, May, 
and June, when the largest numbere are near the surface. The 
summer months are unfavorable for baiting work, because of the labor 
involved in placing baits deep enough in the soil to be fed upon by 
the larvae, 

SUMMARY 

Observations on the seasonal vertical distribution of wireworms 
were made near Walla Walla, Wash., and Parma, Idalio. By arrang¬ 
ing these observations regularly in restricted areas of fairly heavy 
infestations, it was possible to study trends in numbers of wireworms 
at different depths in relation to soil temperature', moisture, and 
cropping conditions. A total of from 10 to 20 1-square-foot soil units 
were examined for wiroworms on each observation date. Each unit 
area was dug in 3-inch layers to a depth of 18 or 24 inches. Observa¬ 
tions were made in the following habitats: At Walla Walla in a spinach 
field of sandy-loam type, and in fallow, alfalfa, and potato fields of 
silt-loam type; at Parma in fallow, potato, and corn fields of clay- 
loam typo. 

In the spring there is an upward migration of the wireworms from 
the subsoil to the surface layers, when tempc'raturcs range from 40° 
to 68° F. at the 6-inch depth. In the summer under exposed soil- 
surface conditions, such as fallow or lightly shaded soil, when surface 
temperatures of 75° F. and above arc reached, wireworms leave the 
surface 3 inches and return to deeper layers. On densely shaded 
ground, however, wireworms remain in the top 6 inches of soil more 
consistently and throughout most of the summer. Wireworms move 
down as the soil becomes dry, and after it becomes wet from rain or 
irrigation following a dry period they move up again toward the sur¬ 
face. 

Careful planning to avoid seeding early in May will tend to mini¬ 
mize the loss of seed of summer crops from wirc'worm feeding. The 
late-planted (June) potato has also a greater chance to (>scape wire- 
worm damage than the early-planted potato. 

The vertical distribution of wirewonns has a direct relation to 
control recommendations. A fumigant such as carbon disulfide 
would be most effective in July, August, and September, whereas a 
poorer diffusing chemical, such as naphthalene, would be effective 
during April, May, and June. The time to attract wirew'orms to 
baits is also when the largest numbers are in the surface few inches of 
soil. 

« Lane, M. C., and Jones, E. W, flooding as a means of beptxino wireworm infestations. Jour. 
Econ. Ent. 29: 842>850. 1936. 




CYTOSPORA ABIETIS, THE CAUSE OF A CANKER OF TRUE 
FIRS IN CALIFORNIA AND NEVADA ^ 


By Ernest Wbioht 

Associate pathologist, Division of Forest Pathology, Bureau of Plant Industry, 
United States Department of Agriculture 

INTRODUCTION 

In 1929 cytospora cankers were first observed extensively on white 
fir {Abies concolor Lindl. and Gord.) and red fir (Abies magnijica A. 
Murr.) in the forests of the northern Sierra Nevada. The following 
year stiidies W'erc begun to determine the specific identity of the 
disease, its distribution, its pathogenicity, and the possible reasons 
for its increased prominence. This paper gives the results of those 
studies and presents data on environmental and other factors that 
apparently favor infection. 

For a clear understanding of the disease and its distribution, it is 
desirable to describe briefly the topography of the region and the 
range of the respective tree species. 

TOPOGRAPHY AND RANGE OF HOSTS 

The rugged Sierra Nevada extcn«ls north and south along the east¬ 
ern border of the State of California. It lies nearly at right angles to 
the prevailing stonns coming from the Pacific Ocean, and because of 
its position and great lu'ight it exerts a profound influence oti the 
climatic conditions of the east and west slopes. For this reason areas 
are sometimes locally referred to as east side or west side, depending 
on their location in n'spect to the main divide. Annual precipitation 
on west-side 8lo])es averages approximately 50 percent more than at 
coniparubh' elevations on the east side. Hero the changes in elevation 
art* more abrupt than on the west side, and the average annual pre¬ 
cipitation at 6,000 feet is about 25 inches. 

Wliite fir extends throughout, the Sierra Nevada range but reaches 
its best development, west of the main summit, where the species grows 
in mixed stands with other coniferous trees at elevations between 
4,000 and 7,000 feet above sea level. Frequent associate's are ponder- 
osa pine (Finns jnmilerosa Laws.), sugar pine (P. himbertiana Dough), 
and incense cedar (Libocedrus deenrrens Torr.). At the higher eleva¬ 
tions white fir intermingles with red fir. \Mute fir on the east side 
raj-e'ly grows below 5,000 fee't and is occasionally found at elevations 
as high as 8,000 feet. Under east-side conditions, at altitudes between 
5,000 and 7,000 feet, white fir occurs with poiulei-osa pine, Jeffrey 
pine (F. ponderosa var. jejfreyi Vasey), and loclgepole pine (P. contorta 
Ijoud.). Above. 7,000 feet it commonly grows in mixed stands with 
red fir and Jeffrey pine. 

Red fir extends to higher altitudes than white fir, and its range is 
generally favored by a relatively uniform winter precipitation. It 
commonly grows in pure stands, Ibut it also occurs in association with 
white fir, Jeffrey pine*, sugar pine, and western wliite pine (Finns 

^ Received for publication June 27,1941. 
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moTdicola Lamb.). In the northern Sierra Nevada it is perhaps the 
principal tree in the forest belt at elevations between 6,000 and 8,500 
feet. 

THE CANKER ON WHITE FIR 

Several extensive areas where the canker was present on white fir 
were originally observed in the vicinity of Lake Tahoe at elevations 
of 6,000 to 6,500 foot. Here the average annual precipitation is 
approximately 29 inches. All these areas had been seriously disturbed 
by man; some were cut over nearly half a century ago. Scattered 
infections were later found on white fir extending along th(‘ east side 
of the Sierra Nevada from Lake Tahoe north, but it was in the im¬ 
mediate vicinity of this lake that the cank('rs were most abundant 
(fig. 1). A number of infected white firs have also been observed near 
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Westwood at elevations of 5,000 to 5,400 feet, a section geographically 
intermediate between east-side and west-side conditions, which has 
an average annual precipitation of 23 inches. White firs on the west 
slope of the Sierra Nevada were free from the canker, but a similar 
fungus was found there as a saprophyte. 

On east-side white fir the first infection usually occurred on a Branch 
of the lower crown, and from this point the fungus spread into the 
main stem and into the branches immediately above (fig. 2). The 
appc'arance of a resin exudate and a characteristic resin infiltration 
of the bark were the first noticeable symptoms of infection. The 
cankers, elliptical in outline, ex¬ 
tended both lengthwise and 
around the branch or stem. Yel¬ 
low spore horns issued from raised 
pycnidia, generally in the late 
spring and early summer, and 
were particular!;^ abundant after 
periods of precipitation. Later, a 
copious flow of resin appeared 
(fi^. 3). 

Infections were most frequently 
found on branches less than 1 
inch in diameter. The disease 
kills by girdling, and it takes from 
1 to several years before a girdle 
is completed, depending upon the 
<*ircumference of the part infected. 

During drought years the rate of 
girdling is a])parenlly accelerated, 
and the disease becomes almost 
epidemic in extent. A dieback of 
the branches results when the 
girdle is completed, causing the 
foliage to change from its normal 
green to yellow and finally to 
reddish brown. Dying and dead 
branches, therefore, stand out as 
characteristic flags. The death of 
additional branches from year to 
year reduces the vigor of the 
diseased white firs, and secondarj^ infestations by bark beetles {Scoly- 
tus and Pifyoj)hthorus spp.) contribute to the destruction of the 
weakened trees. Gilgut (2) ^ gives a similar description of a disease 
of spruce caused by Cytospora kunzei Sacc. 

THE CANKER ON RED FIR 

Branch dying in red fir is veiy common in the northern Sierra 
Nevada. The dying has been generally attributed to the Arceuthohium 
mistletoe {A, campylopodum. Engelm. f. abieiinum (Engelm.) Gill). 
A fungus, howi'ver, has been found commonly associated with the 
mistletoe hypertrophies (S) and occurring only rarely in the absence 
of mistletoe. Infected branches vaiy in size up to several inches in 
diameter. Spore liorns and pycnidia similar to those found on white 



Figure 2.—A white fir infected with 
cytospora canker, showing charac¬ 
teristic dying of the lower branches. 
The upper crown i;\as still healthy 
and uninfected. Broken line sepa¬ 
rates infected from healthy 
branches. 


“ Italic numbers in parentheses refer to Literature Cited, p. 152. 
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fir were observed botli in the field and on collected specimens, indi¬ 
cating that Cytospora might be the pathogen. 

IDENTITY AND ISOLATION OF THE CYTOSPORA 

On the basis of numerous microscopic examinations and measure¬ 
ments of pycnidial material from white and red firs, the fungus was 
tentatively identified as Cytospora ahietis Sacc. The perfect stage was 
not found in a mature state, and the identity, therefore, cannot be 

regarded as final, although 
the pycnidia and spores of 
the imperfect stage check 
closely with the descrip¬ 
tions given in the literature. 
Sections of pycnidia were 
compared microscopically 
with sections of authentic 
C, abietis fruit bodies on 
other hosts and were found 
to bo similar.^ No (^om- 
f)arisons were made with 
European material. Sey¬ 
mour (8) lists only Cytos- 
pora vwastri Fr. on Abies 
sp. The Cytospora in (jues- 
tion is definitely not C, 
pimistri, since the spores 
are smaller, the spore horns 
are yellow rather than 
while, and the fungus is 
caulicoloiis instead of folii- 
colous. There is no record 
of any Cytospora on either 
white or red fir in the 
Mycological C\>Uections of 
the Bureau of Plant Indus¬ 
try, but Ilodgcock^ has 
reported C\ abietis on wliite 
fir in Oregon. 

Recently infected 
branches of white and red fir bearing pycnidia were cut into small 
pieces, thoroughly washed with sterile water, and placed in moist 
chambers at rooin temperatures. After a short period of incubation 
spore horns exuded from the viable material, and these were used for 
spore dilutions from which streak cultures were made in agar plates. 
Pure cultures were obtained by isolating germinating spores under the 
microscope and transferring them to malt-agar slants (pH 5.5). The 
colonies which develoj>ed from these transfers were later used to 
make inoculations to test the pathogenicity of the fungus. 

» Dr. J. C. Oilman, professor of botany at Iowa State College, examined a number of specimens sent to 
him by the writer and states that so far as he can determine from the material at hand the fungus is prob¬ 
ably Cytospora abietis Sacc. Dr. Oilman also states that the Cytospora on Abies concolor and A, magnifica 
is undoubtedly the same si>ecies. 

* Hedocock, Geohge O. notes on the distribution of some fungi associated with diseases of 
CONIFERS. U. S. Bur. Plant Indus., Plant Dis. Rptr. 16: 2^2. 19;t2. I Mimeographed. 1 



Figure 3 —A typical cyto.spora 
stem canker of white fir. 
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PATHOGENICITY TESTS 
SLIT INOCULATIONS 

Slit inoculations were at first employed to test the pathogenicity 
of Cytospora abietis on white firs. Ten potted white firs placed in the 
open at Berkeley, Calif., were used in these tests. Five of these were 
transplanted directly from the woods, and the others were procured 
from a California nursery. Nine slit inoculations were made in the 
bark of the plants from the woods. The inoculum, a small piece of 
malt agar containing (7. abietis mycelium from a pure culture, was 
inserted in a slit cut in the bark with a sterile scalpel. The part 
inoculated was wrapped with cotton and waxed paper to retard drying. 
Only 2 of the inoculations resulted in the development of a canker, 
and both of these occurred on the stem of the white fir that had 
grown most vigorously prior to transplanting. Of 15 similar slit 
inoculations made in the 5 commercially grown white firs, none was 
successful. Twelve check insertions of sterile agar in 5 additional 
plants resulted only in callus formation. 

Since the one individual plant infected had grown the most vigor¬ 
ously prior to transplanting, it appears possible that transplanting 
weakened this vigorously growing white fir more than the slower 
growing trees, thus increasing its susceptibility to infection. 

Better success was expected from the inoculation of white firs grow¬ 
ing in the vicinity of Lake Tahoe, where the fungus occurred naturally. 
Accordingly, 20 slit inoculations were made in the branches of 5 trees 
predetermined as free from Cytospora abietis. The inoculations were 
carefully wrapped with moist cotton and waxed paper as before to 
prevent drjring out. All of these inoculations were negative, but 2 out 
of 10 slit inoculations made in white firs already naturally infected 
were successful. 

COKK-BORER INOCULATIONS 

A different method of inoculation was then tried, hereafter referred 
to as the cork-borer method (f;?). The branch or stem to be inoculated 
was first thoroughly washed with 70-percent alcohol, after which a 
No. 2 cork borer was forced through the bark down to the xylem and 
withdrawn, retaining the bark disk in the barrel of the borer. The 
inoculum, consisting of a small piece of malt agar containing mycelium 
from a pure culture of Cytospora abietis^ was deposited in the borer 
hole with a sterile needle and the disk immediately replaced by forcing 
it from the bairel directly into position with a plunger. A strip of 
waterproof adhesive tape was then placed over each disk and wrapped 
around the branch or stem to hold the core in position and to prevent 
drying as far as possible. 

Several of the white firs that previously had been imsuccessfully 
inoculated by the slit method were reinoculated by the cork-borer 
method to compare the effectiveness of the two methods. Trees not 
previously inoculated were also included in these tests. No attempt 
was made to follow Koch^s postulates. It was considered more im¬ 
portant to make a large enough number of inoculations to offset the 
possibility of natural infection. An inoculation was not regarded as 
successful unless a definite canker with pycnidia developed around 
the inoculation court. These inoculations were all made in the late 
spring and early summer, since this appeared to be the most favorable 
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time for sporulation and natural infection. The results of the tests are 
summarized in table 1. 

On the basis of these results, the cork-borer method of inoculation 
proved a satisfactory way of infecting white firs with Cytospora abietis 
growing under natural conditions. The success of the method is 
probably due to the gradual dying of the disk of bark, which furnishes 
a suitable substratum for starting infection. The fungus, once estab¬ 
lished on the bark disk, spreads from this nucleus to the surrounding 
healthy cambium. The fact that the slit inoculations were generally 
unsuccessful, while the cork-borer inoculations gave good results, 
indicates that Cl abietis is a semiparasite, requiring weakened tissue 
in which to become established. Certain individual trees, however, 
showed a natural resistance to infection; for example, on 5 white firs 
inoculations by the cork-borer method were mostly negative. Those 
firs were adjacent to heavily cankered trees, yet out of the total of 
22 cork-boier inoculations made on them, only 3 were positive. On 
3 similar trees nearby, which had been infected naturally, 39 out of 
a total of 44 inoculations were successful. 


Table 1. —Results of Cytospora abietis inoculations on white fir 


Condition of host, part inoculated, and 
method of inoculation 


Healthy tree.s . . 

Branches, by slit method . ... 

Branches, by cork-lnirer method.. . 

Naturally infected trees . 

Branches, by slit method. 

Branches, by cork-borer method. _ 

Stem, by cork-borer mel hod _ 

Total -. 



I'reos 

1 

Inocula¬ 

tions 

Infections * 


Number 

Number 

Number i 

1 Percent 


r> 






20 

1 (?) 

3 j 

b 6 



22 

; 13 (i 

. 

17 

10 

! 2 

1 

’ 20 0 



130 

120 

04 0 

. 

. 

U 

H 

88 0 


22 

107 

143 

72.6 



> Successful inoculations were <letermined on the basis ol definite cankers and the iiresence of p^cnidia. 


Branch cankers originating from internode inoculations ('xtended 
most rapidly away from the nearest node. The longitudinal growth 
was about twice as fast as the growth around the circumf(u*ence of 
the branch. Stem cankers in the internodes developt^l somewhat 
faster downward from th(‘ point of inoculation than upward. Infec¬ 
tions arising from inoculations madt* directly in the*. no(l(»s on ('ither 
branches or main stems grew less rapidly longitudinally than those 
in the internodes, so that the cankers appeared morc! nearly round in 
outline thau those originating from internodt' inoculations. On plants 
growing under forest conditions, it took from 12 to 15 months for 
Cytospora abietis to completely girdh* branches on(*-half inch in diam¬ 
eter. In favorable years, however, the*, girdling action may be more 
rapid than this, as for (*xample in 1929, w^hen the disease first attracted 
attention. 

CROSS INOCULATIONS 


Isolates of (Jytospora abietis from white fir and from r(‘d fir, when 
placed in the same Petri dish, showed a tendency to mutual aversion. 
The isolates from red fir grew more rapidly and less densely than those 
from white fir. These differences, together with the specific occurrence 
of each fungus, suggested that possibly one was a more virulent strain 
than the other. To test this possibihty a number of cross inoculations 
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were made by the cork-borer method with pure cultures of C. abietis 
obtained from each host. The trees selected for the tests were at an 
elevation of 7,000 feet, where white fir and red fir grew intermixed. 
Precautions were taken to eliminate cross contamination by using 
separate inoculation needles and by making all the inoculations with 
the Cytospora isolate from white fir before proceeding with that from 
red fir. ^me of the inoculations were made in mistletoe hypertrophies, 
while others were made in healthy branches and stems. Before inocu¬ 
lation the bark was thorouglily washed with 70-percent alcohol, and 
after inoculation adhesive tape was employed as before to hold the 
bark cores in place. The results of these inoculations arc given in 
table 2. 

Table 2. —Results of cross inoculations with Cytospora abietis 


lIo.st and part inoculated 

Inoculations with 
white fir isolate 

Inoculations with 
red fir isolate 

Total 

inocula¬ 

tions 

Total infections 

25 

Infee* 

tioas 

1 

Inocula¬ 
tions I 

Infec¬ 

tions 

hite fir 

Nu mhfr 

Numbrr 

Number | 

Number 

Nn mber 

Number 

Percent 

Branciiof?. 

J6 

J5 

24 ' 

24 

40 

39 

97 5 

Stems. 

4 

2 

4 I 

3 

8 

5 

62.,'^ 

M istlctoo hyjH'rtrophios) L... | 

24 

15 

0 1 

0 

24 

15 

62.5 

Total . 

44 

32 

_?L'. 

27 

72 

59 

81.9 

(Hi fir: 








Branches. 

9 

' 7 

i 91 

6 

i IS 

13 

72.2 

Stems . 

3 

1 

1 2 ' 

1 

' 5 

2 

40 0 

JVl istlotoc hy|H*rtrophies * ... 

23 

' 13 

1 10 i 

10 

i 33 

2:1 

69 7 

Total - .. 

35 1 21 

i 

! 21 i 

t 1 

17 

: 56 

1 38 

67 9 


» CaustHi by Arcfuihohium campylopodum Engelin. f. ahietinum (Eugelm ^ Oill. 


From the results of these cross-inoculation tests it appears that 
both isolates readily infect eith(»r host. Measurements of the cankers 
formed gave no indication that either of the isolates grew faster than 
the other. There also appeared to be relatively little difference in 
viruhuice bc'tween the two strains when judged on the ))asis of the 
number of branches killed. The combination of Cytospora abietis with 
mistletoe sometimes hastens the death of hypertrophied branches of 
both species. White fir generally seemed to be somewhat more sus- 
ceptibl(‘ to infection by C, abietis than red fir, but the number of 
inoculations was not sufficient to prove this point. Cross inoculations 
failed (o explain satisfactorily why branch dying in red firs has been 
so pronounced in certain sections of the northern Sierra Nevada. 

Other factors that possibly predispose white and red firs to natural 
infection b}’^ Cytospora abietis are cHscussed in following sections of 
this paper. 

FACTORS PREDISPOSING TO INFECTION BY CYTOSPORA ABIETIS 

The rapid spread of weakly parasitic fungi like Cytospora has been 
ascribed by investigators to host decline'. Predisposing factors such 
as drought and fire have been frequently cited as contributory agents 
(/, 5, 6", 7). In stuclving Cytospora abietis an attempt has been 

made to analyze some of the more evident predisposing factors that 
may have aided in the flare-up of the cytospora disease in the Sierra 
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Nevada. The most important of these has been the effect of drought 
on white fir. 

During the period 1924-30, inclusive, there were two distinct 
droughts in the Sierra Nevada. The year 1924 was characterized by 
one of the most severe and widespread droughts since the beginning 
of reliable records. This resulted in extremely small radial growth for 
many forest species {11), For that year the seasonal precipitation at 
Tahoe, Calif., was only 14.18 inches, as compared with a normal mean 
of 29.41 inches. Then followed several seasons when the precipitation 
was about normal. However, in 1929 it dropped to 20.84 inches, 
resulting in a second severe drought within 5 years. It was during 
the drought season of 1929 that the cytospora disease of white fir was 
first observed to be killing large numbers of branches and occasional 
trees in what appeared to be thrifty stands of reproduction.^ For the 
entire period 1924-30, the late fall and winter precipitation was 
especially deficient as compared with that of the years succeeding 
this jieriod. Since 1930 the rate of spread of Cytospora abietis has 
gradually decreas('d, even though during the 4 years 1931-34 there 
was less than normal precipitation during the growing season. This 
was compensated for, however, by nearly average precipitation during 
the months of DecembiT and January, the normal period of moisture 
accumulation. 

To study the effect of droughts on the gi‘owth of white firs, increment 
borings were taken in 1934 irom 50 sound and 50 cytospora-infccted 
trees located along a transect line on east-side sites at elevations of 
6,300 to 6,500 feet. The borings were obtained from the main trunk at 
1 foot from the ground, and the widths of the annual rings wcto 
determined by measurements under a hand lens. Trees with large 
stem cankers, indicating old infections, were avoided, since such in¬ 
fections may possibly have had an influence on rate of growth. 

It was found that prior to the 1924 drought diameter growth had 
been more rapid for the infected white firs than for the sound ones. 
From that year on, the width of the annual rings decn*ased more 
rapidly in the diseased than in the healthy trees. It is possible that 
along with the reduction in increment due to drought there was also 
a decline in vigor in the formerly fast-growing white firs, thus render¬ 
ing such trees more susceptible to infection by Cytospora, The annual 
increment for all trees had been small, averaging only 1.9 mm. for 
the uninfected firs. 

Supplementing the above study, 51 additional increment cores were 
compared at the end of the 1937 growing season.® The average annual 
rate of growth at 1 foot from the ground was again determined for the 
period 1924-30, as well as for the years preceding and succeeding this 
drought period up to 1937. 

The data presented in table 3 tend to verify previous findings that 
the most heavily infected white firs grew the fastest prior to the 
droughts of 1924 and 1929 but suffered the gi'eatest reduction in 
increment for the 1924-30 period. It is doubtful, however, whether 
these data are statistically significant, since the growth differences 
were so small. 


» Wagener, W. W. tree dying from pathological causes in the vicinity of lake tahop. Division 
of Forest Pathology. 1930. (Unpublished report.] 

• These increment cores were obtained for the writer by Dr. W. W. Wagenor, of the Division of Forest 
Pathology, stationed at San Francisco. 
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Table 3. —Comparison of growth rates of Cytospororinfected and noninfected white 

firs {Tahoe region) 


Degree of infection 

Trees 

Average annual growth 

190^23 

1024-30 i 

1931-37 

None.-....- 

Number 

18 

8 

7 
10 

8 

Nfm. 

1.3 

1.3 

1.5 

1.7 

1.5 

Mm, 

1.2 

1.2 

1.3 

1.3 

1.0 

Mm, 

1.3 
1 2 
l.l 

.9 

1.4 

Light (old) ..-.-. 

Moderate (old)... 

Heavy (old).. 

Light (recent).. 


On the basis of analyses of the increment cores, it appears that the 
white firs which had grown slowly prior to the 1924-30 period were 
less adversely affected by the droughts of 1924 and 1929 than trees 
which had grown more rapidly before these droughts. The formerly 
more rapidly growing trees, therefore, proved somewhat more suscep¬ 
tible to Cytospora ahietis^ presumably because of reduced vigor. 
Drought may account, at least partially, for the increase of the 
cytospora disease in white fir growing on east-side sites, where moisture 
<leficiencies have been most noticeable. 

In certain localities in the Sierra Nevada, ground fires have brought 
about widespread infection of white firs by Cijtospora abietiSy similar 
to that reported for other species of trees (i, 6*). Of special interest 
is the work of Togashi (fO), who found that apple trees were most 
readily inoculated with Valsa mali Miyabe and Yamada, when the 
inoculation wounds were made with a hot scalpel or through bark that 
had been burned. 

The scorching of young white firs by ground fires not only weakened 
the trees but also resulted in patch-killing of the relatively thin bark, 
causing it to shrink and crack. These wounds on fire-weakened trees 
apparently became infection courts for Cj/tospora abietis. The fire- 
scorched firs, therefore, have pi-ovided a harbor for the fungus and 
have perpetuated it until ])redisposing factors have rendered adjacent 
unburned stands susceptible to infection. This may be one explana¬ 
tion for the sudden flare-up of this disease following the droughts of 
1924 and 1929, which were also bad fire years. 

An increase in beetle population, common during drought years, 
resulted in an unusual number of exploratory holes into which the 
beetles may have carried the infection.' The beetle galleries also 
weaken infested branches and may, therefore, help to predispose them 
to infection. In nature, mistletoe liypertrophies, especially on red 
fir branches, are commonly infested with the bark-engraver beetle, 
Scol'i/tus subscaber Lee. (9), In a previous publication {13) it has been 
shown that this beetle carries a staining fungus which kills the cam¬ 
bium adjacent to the beetle galleries. Thus the staining fungus, 
together with the galleries, may weaken infested branches to the point 
where they also become readily susceptible to infection by' Cytospora 
ubietis- Tf'he effect of this combination, therefore, may emlain the 
unusually heavy mortality of red-fir branches as previously described. 

Aphid colonics also appear to reduce the vigor of individual branches. 
Such colonics have been repeatedly observed, particularly on the under 

^ In one case the writer succeeded in isolatini; Cytospora abtelis from a fresh beetle hole before there was 
■any sign of c*ankcr development. 
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side of the lower limbs of white fir. In several cases the remains of old 
aphid colonies were found on branches n^centlv infected by Cytospora 
abietis. Aphid colonies were observed in miaspring, about the time 
when C. abietis spore production is greatest. The ants associated with 
the aphid colonies have also been seen to pass over sporulating cyto¬ 
spora pycnidia on their way to and from aphid colonies, and may in 
this way transfer the spores to areas where infection can readily take 
place. Wliile this evidence is admittedlv circumstantial, it is based 
on observations made frequently enough to preclude the factor of 
chance. This is one (explanation for th(' appearance of isolated branch 
cankers that cannot be directly traced to other causes. 

It is concluded from these studies that Cytospora abietis is normally 
present in the forests of the Sierra Nevada as a semiparasite and that 
it becomes of importance' only when the firs an' weake'ned by drought, 
fire, insects, or other factors. 


SUMMARY 

A canker of white fir {Abies concolor) and red fir (^4. magnifica) 
caused by Cytospora abietis has been observed in the forests of the 
northern Sierra Nevada. Typical symptoms an' an early resin infil¬ 
tration of the bark, followed by th(‘ devt'lopnu'nt of a canker and the 
production of yellow spore horns. Infections on whiU' fir begin in 
the lower branches and may gradually progress into tlu' st('m and 
branches above. On red fir the infections arc commonly found in 
association with mistletoe hypertroplucks. 

Slit inoculations were generally unsuccessful in transmitting the 
disease to white fir. Much better results were obtained by a cork- 
borer method of inoculation. Cross inoculations from ivd fir to white 
fir and vice versa have sliowu that the two cytospora isolates attack 
both hosts. There appealed to be no significant difference in virulence 
of either so-called strain of the fungus. The fungus is classcnl as a 
semiparasite, usually infecting through artificial wounds. 

The comparison of diameter growth from incrcmient borings taken 
from healthy and cytospora-diseased trc'cs suggc'sted that drought may 
be an important factor, particularly in weaki'iiing fast-growing white 
firs previous to infection. Fin'-scorclu'd trees appear to aid in per¬ 
petuating Cytospora abietis during pc'riods b(*twe('n droughts. Other 
agents, such as bark beeth^s, aphkis, and ants, probably spn'ad the 
disease locally and predispose individual brancln'S to infe(*tion. The 
fungus appears to be ('iidemic in the foivsts of the Sierra Nevada and 
only assumes epidemic proportions when tlu' triu' firs are weakened 
by environmental or other factors. 
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SOME MENDELIAN CHARACTERS IN BETA VULGARIS 
AND LINKAGES OBSERVED IN THE Y-R-B GROUP* 

By F. V. Owen, geneticiBt, and George K. Ktser, collaborator^ Division of Su^ar 

Plant Investigations^ Bureau of Plant Industry, United States Department of 

Agriculture 

INTRODUCTION 

Published data regarding Mendelian inheritance in Beta vulgaris L. 
have been largely limited to characters dependent upon four genetic 
factors: B (for bolting or annual habit), pi (for plantainlike leaf vena¬ 
tion), R (for red plant color), and Y (for production and extension of 
pigment). Keller {6) ^ showed a close linkage between R and Fand 
summarized previous literature. He also presented evidence for an 
allelic series, F, Y\ and y, at the F locus and another series, R\ R, 
and r, at the R locus. Abegg (I) described the leaf-venation char¬ 
acter dependent upon the factor pi and demonstrated a linkage 
between B and R, the annual habit produced by the factor B having 
been previously reported by Muiierati (9). Munerati and Costa (10) 
described a black or corky root condition which may be the same as 
that produc(*xl by the factor bl considered here. A list of characters 
and gene symbols from unpublished as well as from published reports, 
including all characters and genes discussed in the present paper, has 
recently been presented by Abegg (2), 

The present paper deals with linkage r(»lationships of 10 Mendelian 
factors and includ(‘s brief descriptions of the characters represented. 

MATERIAL 

The factors R and F w(*re secured from diverse sources. Both R 
plants and r plants ar(^ common to many commercial varieties of sugar 
beets. The factor F was secured from the Detroit Dark Red variety 
of gard(Mi bc(»ts and the (ioldeii Tankard variety of mangels. The 
sou!•(*(» of the factor Y\ a variation at the F locus, was derived from 
matc'rial described by Keller (6) and from the Long Red Mammoth 
and the Golden Tankard varieties of mangels. 

Material canying the factor B, for bolting or annual habit, was 
obtained from Dr. O. Munerati.* 

The factors bl (for black root). Cl (for colored leaf), Cv (for colored 
leaf veins), pi (for plantainlike leaf venation), ru (for russet root), 
Tr (for trout or spotted leaf), and Vi (for variegated foliage) interfere 
more or less with the vigor of the plant and are not common to com¬ 
mensal varieties of sugar beets. Material carrying these seven factors 
was secured from various sources.^ 

> Umnved for puldlcatlou March 17,1942. 

a Italic numbers in parouthescs refer to Literature Cited, p. 171. 

> Director, R. Stazione Si)crimcntale di liiolicultura, Rovigo, Italy. 

< bl, Cl, and Tr secured by Dr. F. R. Immer from Dr. F. Schneider, of the Zuckerfabrik Kleinwanzloben 
at Kleiuwanzleben, Oermany. 

Cr frdm G. \V. Deiiiing, assistant aCTonoinist, Division of Sugar Plant Investigations, Bureau of Plant 
Industry, U. S, Department of Agriculture. 

pi from Dr. D. A. Pack, formerly associate agronomist, Division of Sugar Plant Investigations, Bureau 
of Plant Industry, U. S. Department of Agriculture. 

ru and ri found as mutant tyi>es in curly top resistant varieties of sugar beets (3), Salt Lake City strains 
621 and 2113, respectively. 
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ALPHABETICAL LIST OF GENES AND DESCRIPTION OF 
CHARACTERS AFFECTED 

B, —Bolting, or annual habit (I). Under greenhouse conditions B plants pro¬ 
duced seedstalks under long photoperiods (18-hour or 24-hour days) with rela¬ 
tively warm temperature, and b plants remained vegetative. Expression clear- 
cut for data reported, but unpublished data show that after successive backcrosses 
to nonbolting types, additional or modifying factors cause difficulty in classifying 
B and b plants. A possible variation at the B locus, which produces a bolting 
tendency but not a strictly annual habit, described by Owen, Carsner, and Stout 
{1^). In the same linkage group as R and Y. 

bl .— Black root, cau.sed by development of corky tissue on the skin of the root 
(fig. 1, .4). Viability fair but bl plants produced much less corky tissue than 
others, and some were not easily distinguished from russet (rw) plants with much 
less cork development. No positive indications of linkage with /?, V, pi, or ru, 
(See tables 5 and 6.) Similar or identical character reported by Miinerati and 



Costa (10), who consider the charact(*r variable and unstable and have rc'porti'd 
instances of mosaic spot.s of corky tissue. 

CL —Colored leaf, red pigment with R and yellow i)igment with r (fig. 2). 
Development of pigment largely dependent upon direct sunlight, but a tendency 
noted for pigment to appear in blotches and principally on tlie under sid(‘ of the 
leaf. Cl plants definitely smaller than normal -f (or d) plants (see table 7), and 
handicap in growth appears to be at least roughly correlated with intimsity of 
pigment development. Restricted growth of one-half of the leaf is commonly 
seen (fig. 2, C), with more intense pigment development on one side. Instability 
at the Cl locus suspected because certain plants, selected from types with less 
development of pigment, bred true for this tendency. In the Y-R-B linkage 
group and very closely linked to Tr, (See table 1.) 

Cv .—Colored leaf, especially near the veins, red with U and yellow with r 
(fig. 3). Expression variable and dominance incomplete. Pigment associated 
with a glossy condition on upper side of the leaf; leaves usually roll inward (fig. 
3, B and C), This glossy condition and leaf rolling associated with decreased 
vigor, especially in homozygous Cv Cv plants. Pigment pronounced in first two 
leaves in seedling stage (fig. 3, 71), also in cotyledons under field conditions. 
Pigment usually most pronounced near the veins of the leaf but absent from the 
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midrib of the petiole, where the most pigment develops in Y plants. In the 
field, especially with homozygous Cv Cv plants, intensity of pigment development 



is increased and may spread ov(‘r the surface of the leaf, producing a solid color 
except in the midrib, which still remains free from iiigment. In the Y-R-B 
linkage group and ^sely linked to Ti\ (Hee table 1.) 

4T2.‘Via—42 —3 



158 


Journal of Agricultural Research 


Vol. 08, No. 3 


pl ,—Plantainlike leaf venation (i). Most pi plants are readily classified, but 
occasional intermediate types are difficult to classify. Experience indicates 



Figuke 3. -Colored leaf veins (Cv) in Beta vvlgans: With R; B and C, with 

r; i>, greenhouse seedling, with R, showing more pigment in the first two leaves 
than in the cotyledons. 


considerable instability at pl locus. No linkage found with R (f) or with hL 
(See table 5.) 

R ,—lied plant color, especially in hypocotyls of seedlings and crown buds of 
older plants, yellow with r. No difference between R and r plants (11) in viability 
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and vigor, but see Cv for exception. Both R and r plants are common to most 
sugar-beet varieties. The red pigment, betanin (f^), sometimes fades out com¬ 
pletely when a plant initiates a seedstalk. In the same linkage group as Y and B, 
R ^.—More intense development of pigment, especially in the form of red 
stripes at the base of the petioles. Character found and described by Keller 
(6)\ also found by the writers in Large Mammoth variety of mangels. 

rw.—Russet root, caused by development of corky tissue in the skin of the root 
(fig. 1, B). Similar to 6Z, but ru plants developed less cork and were more vigorous 
than hi plants. (See table 7.) Viability good and classification easy under field 
conditions by end of season. Early in season or under greenhouse conditions 
classification sometimes dif¬ 
ficult. No indications of 


linkage with /Z or F (see table 
5) or with hi (vsee table 6). 

Tr .—Trout or spotted 
leaf, red pigment with H 
and yellow with r (fig. 4). 
Classification of Tr R plants 
with regard to TV easier than 
with Tr r plants. Young 
plants often more easil^^ 
classified than old plants. 
In the post-seedling stage, 
TV plants are readily clas¬ 
sified by a heavy production 
of pigment on the first two 
true leaves. The pigmenta¬ 
tion at this stage is inoni 
intense than at any other 
stage. Spots in old leaves 
may he difficult to see. 
Sonietiines difficult to clas¬ 
sify in presence of (7, CV, 
or Y, \ characteristic of Tr 
])lants is development of 
pigment in leaves in dark¬ 
ness. As the chlorojjhyll 
fades from leaves in dark¬ 
ness the red or yello\\ spots 
on Tr plants are much more 
striking. This is in decided 
contrast to behavior of 



leaves of Cl jilants, which 
lose their ))igment in dark¬ 
ness. In the Y R -B linkage Fiouhe 4. Trout or spotted leaf ( Tr) in Beta vulgaris , 
group, and very closely showing red spots in presence of R and lack of 
linked to C7 and CV. (See pigment in cotyledons, 
table 1.) 


vi. -Variegated foliage, white with irregular blotches of green (fig. 5). Viability 
fair if seedlings are not crowded. Vigor not reduced in early cotyledon stage 
because cotyledons develop normally without chlorophyll deficiency. Leaves 
lack chlorophyll and plant vigor is decidedly reduced, but many ci plants have 
flowered and produced seed wdien given adenuate care and space. Experience 
show^s considerable instability at the Vi locus. In the Y-R ~B linkage group at the 
opposite end from F. 

F.—Heavy production and extension of pigment, red with R and yellow to 
orange with r. Most of the j)igment is in the root but is also extended to foliage, 
especially in midrib of petiole and larger leaf veins (fig. 6). Viability normal 
and .vigor not reduced. (See table 7.) Much variation in expression noted, 
indicating not only variability due to environment but also variability due to 
accessory factors. Fullest development of pigment secured under field conditions 
with bright sunlight, cool temperatures, and plants widely spaced, but con¬ 
siderable pigment develops in darkness, as noted with germinating seedlings or 
leaf tissue from beets in storage. Under conditions for fullest development of 
pigment, F may be more or less epistatic to color factors Cl, Tr, and Cv, Y factor 
found in red garden beets and many varieties of mangel-wmrzels. In the same 
linkage group as R and B, 
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Figure 5. —Variegated foliage (vi) in Beta vulgaris: Ay Seedling showing normal 
green cotyledons and variegated true loaves; B, typical plant. 



Fro IRE ().—Extension of pigment (Y) in Beta vulgaris: Ay Larger veins highly 
colored; B, extension of pigment to tissue between the veins. 
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Yr ^—Similar to Y but less development of pigment, and production of pigment 
largely restricted to the root (6‘). Skin color of root usually lemon yellow. Easily 
classified under field conditions, but under greenhouse conditions sun treatment 
{6) may be necessary to bring out the color. 

METHODS 

Appropriate crosses were made by exchanging paper bags over 
the inflorescence. By using self-sterile plants for the female parent 
it was possible to make crosses without emasculation of flowers. In 
making backcrosses it was important to check carefully to see that 
the female plants were strongly self-sterile in order to avoid a mixture 
of F 2 and backcross individuals from a partially self-fertile female 
plant. In order to judge whether any significant amount of selling 
took place, backcross data from recessive and dominant female 
parents are reported separately. 

Data reported for F 2 plants were obtained from progenies arising 
from crossing two heterozygous self-sterile plants or by selfing self- 
fertil(‘ plants. Knowledge of a single factor for self-fertility (un¬ 
published data) made it possible to make plans in advance to have 
self-fertility when selfing was desired and to avoid self-fertility when 
it was not desired. 

Populations were grown either in the greenhouse or the field, 
according to the amount of seed available and the requirements for 
classification. 

Classification of plants for the pn^sence or absence of the fa(*tor B, 
for bolting or annual habit, was accomplished by growing them in a 
greenhous<‘ with an 18-hour or 24-hour photoperiod and under rela¬ 
tively wann tempe^rature. In this environment experience showed 
that the b plants, and plants from a biennial vari('ty grown in each 
(‘as(» for a check, nunaiiu'd vegetative. 

With j)opulations segregating for the factor for vari(*gated 
foliage, carc' was taken to separate the Vi plants from tin* normal + 
(or 1 ^ 1 ) plants in the seedling stage to permit b(*tter growth of the 
i\ plants. Otherwise the i\ plants were unable to compete and survive 
against the competition from the more vigorous normal plants. 

Sativsfactory classifications for populations segregating for factors 
(1 and Tr in the presence of V were made by working with young 

C hints to avoid the masking effect of the intense pigment produced 
y the Y factor. Oreenhouse plants were preft*rred to plants grown 
in the fi<'ld when it was desired to avoid intense pigment development. 

In ord('r to establish the linear order in the Y-R-B linkage group, 
charactei*s were combined in hybrids to give* 3- and 4-point linkages. 
(See tables 3 and 4.) 

THE Y-R-B LINKAGE GROUP 

Two-point linkages are presented in table 1, where at the extreme 
left the respective genes are listed corresponding to X and Y in the 
heading. Phenotypes are represented by a, ft, c, and d, which corre¬ 
spond to XY, Xy, xYj and ^ respectively. Linkage phases are 
represented by ‘'CB'’ for coupling in backcross, ‘‘RB” for repulsion 
in backcross, ^^CF 2 ^^ for coupling in F 2 , and ‘‘RF 2 '^ for repulsion in F 2 . 
Under ‘^Female parent/' ‘"Rec." stands for recessive, and ^‘Dom." 
for dominant. Recombination percentages were calculated by the 
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method of maximum likelihood (7). In backcrosses the maximum 
likelihood value was obtained by the usual method of dividing the 
number of recombinations by the total number of individuals. In 
F 2 populations the maximum likelihood value was obtained by the 
solution of the equation 

p (a—26-~2r--rf) ± 

where P~p^ for repulsion and (1— p)'^ for coupling, and p is the recom¬ 
bination fraction, assuming equal crossing over in both sexes, and 
n=a+6+c+^/, or the total number of individuals. 

Use of the maximum likelihood method facilitated combining 
information fi*om backcross and F 2 populations by the method de¬ 
scribed by Matluu* (7). A combined maximum likelihood value was 
obtained for the recombination percentage between R and ri, which 
involved consideration of three equations as follows: 

. _n ocombinations pamital combinations 0, for backcro.^s populations 

p i~-p ^ 

a . d 0, for F 2 with factors in coupliiif^ 

~JZ:~2pj^p2 + 2p-])2 l-2pi-p*'^ phase 

. ap (h-} (‘)p . d _0, for F 2 with factors in repulsion 

^ p ~~ 

The combined estimate was made by taking the sum of th(\se throe 
equations and equating to 0. Solution was accomplished by the 
method of arithmetic approximation described by Mather (7), a 
method which also gives an arithnnqic solution for the variance and 
standard error. The solution is 17.7 ±0.83 percent recombinations 
betw’^een R and Vi (table 1). 

A combined estimate for backcross and F 2 data was also obtained 
for the recombination percentage between R and B by utilizing data 
published by Abegg {!) and combining them with data obtained by 
the writers. This involved consideration of the first tw^o equations 
listed above, and the solution is 15.9±0.r)8 percent recombinations 
between R and B (table 1). 

Standard eiTOj-s follow a plus-or-minus sign (±) after each rc'com- 
bination percentage listed in table 1. These standard errors were 
tak(ui, except as already noted for combined maximum likelihood 
values, from unpublished tables furnished by Immer, which difl’er 
from Immer’s published tables (5) in that standaid errors ar(» given 
rather than probable errors. Although Immer^s tables for F 2 data 
were calculated for use with the product method (5), their use with 
the maximum likelihood method is legitimate because the varianc(‘S 
for the recombination fraction by the two methods are identical (7). 
The standard errors were taken without interpolation to correspond 
to the nearest 0.5 percent recombinations. 

In order to study the possibility of having obtained some sedfing 
of female plants in backcrossing," all backcross data (table 1) ar('> 
presented separately according to whether the female parent was 
recessive or dominant. If, for instance, a recessive r r y y plant is 
pollinated with pollen from a double heterozygous R r Y y plant, 
the backcross population should segregate with 1 : 1 ratios for pres(»nce 
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Table 1 . —Linkage data^ Y-R-B group 



Link* 




Individuals 














Ocncs 
(A' Y) 

age 

phase 

Female 

parent 

Fami¬ 

lies 

XY 

Xv 

xY 

XV 

Total 

Recombinations 


(u) 

ib) 

(c) 

(rf) 

(n) 






Number 

Number 

Number 

Nuvxbtr 

Number 

Number 

Number 

Pereent 

B C'v 

mn 

Rec. 

1 

12 

152 

145 

36 

345 

48 

13 9 db 1.87 

\KB 

Dom. 

2 

75 

564 

602 

81 

1,322 

156 

11.8 rb .89 

Total 



3 


- 



1,667 

204 

12 2 rb .80 


fCB 

Kec. 

.*» 

2;i4 

42 

62 

257 

595 

104 

17.5 ± 1. 66 

BR 

lr« 

Dom. 

2 

538 

101 

106 

577 

1.322 

207 

15.7 ±1.00 

ICB 


7 

286 

56 

54 

294 

> 690 

no 

15.9 ±1.40 


ICFa 


7 

1,()»5 

120 

103 

276 

‘ 1.594 


15 3 ± 1.00 

Total 



21 





4,201 


a 1.5.9 ± .68 

B y 

ItlT " 

"Red 

4 

42 

131 

160 

67 

MOO 

109 

27 3 ± 2. 23 

li I’l 

/KB 

1KB 

Her. 

1 )oni. 

1 

2 

6 

18 

21 

22 

64 

149 

34 

93 

’ 125 
->282 



Total 




24 


21.3 

. . .. 

«2;i7 

24 

10 0 ± 1 95 


|(’B 

Kec. 

11 

684 

20 

32 

669 

1.405 

52 

3 7 ± .49 

Cl R 

rB 

Dom. 

4 

250 

3 

8 

248 

509 

11 

2 2 ± 62 


(KB 

Kec 

6 

46 

1.023 

1.071 

49 

2.189 

95 

4 3 ± .44 

Total. 



21 





4.103 

1.58 

3 8 ± 31 

cy Tr 

/KB 

lice. 

h 

(1 

946 

989 

3 

1.938 

sV 


IK B 

J )om 

2 

0 

163 

15.5 

0 

318 

...—I 



j(^B 

Kec. 

2 

162 

16 

11 

179 

.368 

27 

7 3 ± 1 37 

rv y 

DiB 

Kec. 


75 

571 

546 

86 

1.278 

161 

12.6 ± 93 


(kb 

D<Mn 

4 

18 

157 

161 

22 

361 


11 1 ± 1 65 

'I'otul 



13 



i j 2. (R)7 

228 

11.4 ± 71 

( >' R 

f K B 1 

i Kec 

~ 2 1 

1 9 

220 

2;io 

18 

483 

■ 27~ 

5 6 ± 1.04 

IKB { 

Dom 

4 j 

1 41 

98.3 

»-7 

40 

2.011 

81 

4 0 ± 43 

'Polal 



6 , 





2. 524 

1 108 

1 4 3 ± 41 

Cr r 

ci'2' 


5 j 

1. 7(18 

m 

^ 31 

525 

2, :ioo 


i H 0 ± ,36 

( > Tr 

K B 

Kec ! 


(1 

410 

334 

3 

747 

i ' *3 


('t Vi 

f’Fj 1 


,s ! 

1.610 

134 

206 

350 

->2.300 


16 5 ± 86 


\Ch 

Kec 

y 

1, 226 

62 

4S 

1,220 

2, 556 

1 110 1 

; 4 3 ± .41 

R 7V 

(’F2 1 


1 j 

459 

19 i 

12 

1.37 

627 

1 j 

- - 1 

5 1 ± .90 


(KFa 1 


I 


205 i 

137 

0 

T 657 

) 



]rB 

Kec ! 

► 7 

.36 

10 i 

14 

51 

111 

21 1 

21 6 ± 3.90 

1 

TB 

Dom j 

1 1 

75 

12 , 

24 

59 

3 170 

36 ; 

21 2 ± 3 12 


(KB 

Dom. 

; 2 

42 

100 I 

125 

15 

3 282 

57 , 

20. 2 ± 2 38 

! 

WF 2 1 


y 

2. 231 

195 1 

284 

525 

3. ZYi 

1 

16 3 ± .73 


{K F2 ' 

1 

7 

201 

93 1 

83 

3 

,180 


18 9 ± 4.90 

'rotal 1 



14 


1 

. 


4, 178 


217.7 ± .83 


(( Tj 

Itec : 

b 

346 1 

26 1 

16 

349 

737 

42 i 

5 7 ± .84 

RV 

Itb • 

Dom. 1 

2 

63 ! 

6 . 

5 

45 

119 

D ! 

9 2 ± 2 62 

IKB 

Kec ! 

12 

ItNi : 

1,027 } 

978 

107 1 

2.218 

213 1 

9 6 ± . 62 


iKB i 

Dom. 1 

j 

h 

68 1 

697 1 

757 

58 

1, .•)80 

126 

8 0 ± .68 

R Yr 

/kb i 

Kec I 

7 

7 ! 

145 1 

171 

17 

340 

24 

7 1 ± 1 38 

IKB ! 

Dom 

1 

2 

15 i 

107 1 

116 

8 

246 

_ ! 

9 3 ± 1 87 

T<ital j 


I 

1 

34 

’_Ll! 




.5. 240 

439 1 

8.4 ± .39 

i' 

irfi 1 

Kec I 

2 

70 i 

H 

12 

71 

161 

20 

12 4 ± 2.61 

7V y 

{('B : 

Dom. I 

2 

98 1 

13 

10 

111 

232 

23 

9 9 ± 1.97 


(hb i 

Kec. 1 

4 

52 ; 

274 

404 

54 

3 784 

108 

13 5 ± 1.22 

Total. 

_J 

-- 1 




1. 177 

149 

12 7 ± 9C 

ri >' . - 

fcii '! 

Kec. 1 

1 

49 

21 j 

21 

46 

137 

! 42 '' 

.30 7 ± 3.94 

i('B 1 

I )om ! 

2 

127 

21 1 

40 

94 

282 

61 ' 

21 6 ± 2 45 

Total * 


! 

.3 





419 

”l()3 ' 

21 6 ± 2. 10 


> Abepfi’s (/) data. 

^ Derived from combiued maximum likelihocMi values. 

3 Si|2:nifioant departures from theoretical Mendelian ratios noted. (See text p. 164 for explanation.) 

* The B I’l plants could not be satisfactorily cjlassifled, due to lack of vigor, hence, all V\ plants were 
omitted 111 calculating the recombination t>ercentage. 

* Kecombinations so rare that percentages were not calculated. Plant.s classed In recombination cla.sse8 
might be lux'ounted for through contamination. 
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and absence of both R and 1". If this recessive female parental 
plant is partially self-fertile, an excess of recessives and a deficiency 
of R ana Y plants is expected in the backcross population. Keller 
(6) has indicated some trouble with these partially self-fertile plants 
when used as female parents for backcrossing. In the present stiidic^s 
a small amount of selfirig may have occurred in obtaining backcross 
populations, but precautions were taken to avoid self-fertile or par¬ 
tially self-fertile plants as female parents. If selling occurred in 
backcrossing, the relative percentage was so low that it is hardly 
noticeable, and in general the observed ratios agree well with the 
theoretical 1 : 1 ratios (table 1). 

Mcndelian ratios were investigated for all populations listed in 
table 1, and discrepancies between theoretical and observed ratios 
wore noted. The Mcndelian ratios for linkage data between B and 
Y show a deficiency of B plants. This deficiency was expected 
because in this case environmental conditions were not optimum for 
classification of B plants. The percentage recombination (27.3) 
between B and Y (table 1), which appears to l)e too high, is, tlK'refon*, 
Questioned. Ratios for linkage data between B and Vi also show a 
deficiency of B plants, but this was in spite of optimum conditions for 
classification of annual types with a long period of growth under warm 
temperatures and continuous light (24-liour day). It is believt^l that 
the apparent deficiency of B plants was caused by the lack of chloro¬ 
phyll in B Vi plants, which interfered with growth and initiation of 
seedstalks. The 5+(or B T^i) plants, however, had excell(*nt oj)- 
portunity to bolt, so the recombination fraction was calculat(ul from 
these classes, with variegated (ci) plants not includcHl. 

Other departures from theoretical Mendelian ratios present(‘d in 
table 1 may be noted as follows: A deficiency of Vi plants in tlu^ dis¬ 
tribution 75, 12, 24, 59 for R and linkage data; a deficiency oi Tr 
and Y plants in the distribution 52, 274, 404, 54 for Tr and F linkage 
data; and a deficiency of r plants in the F 2 distribution 315, 205, 137, 
0 for R and Tr linkage data. It is not easy to explain some of thes(‘ 
departures from the theoretical ratios. Su(*h departures, how(‘V('r, 
do not interfere with conclusions rcgardhig estimates of recombination 
percentages. 

Average and combined values for the recombination perc(‘ntag(»s 
derived in table 1 are shown in skeleton form in table 2. In most 
cases these values are more accurate, because of more extensivf* data, 
than those derived from the 3- and 4-point tables (tablets 3 and 4), 
but the information from the 3- and 4-point tables is helpful in (estab¬ 
lishing the order of genes. 

Table 2 .—Summary of recombination percentages 



Y 

R 

Cl 

Tr 

Cv 

B 

Vt 

K.... 


S.4 

11 4 

12 7 


» 27.3 

24.6 

B __ ... 

' 8’V 


3.8 

4 3 

4.3 

15 9 

17.7 

Cl ... . 

11.4 

3.8 


0 ? 




Tr ... 

1 J2 7 

4.3 

' 0 ? 


0 ? 



fV... ... .. . 


4.3 


0 ? 


12.2 

16.'6 

B.. _ .... i 

V\ .. .. 

> 27 3 
24.6 

15 9 
17 7 ! 

... 


12 2 
10.5 ; 

’ 10.0 

10.0 


( The recombination percontago (27.3) between Y and B is questioned because of dldiculty in classifyinj; 
B plants, as explained in the text. 
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The arrangement of the data in the 3- and 4«point tables is similar 
to that employed by Emerson, Beadle, and Fraser (4) for maize. 
Under parental genotype the plus sign (+) refers to the normal al¬ 
lelomorph of the dominant or recessive gene designated by a literal 
symbol. The phenotypes for respective populations may be reestab¬ 
lished from the order in the following example: 


F| genotype 

Parental combina- 



Recombinations 



tlons j 

1 Region 1 

Region 2 

Regions 1 and 2 

ABC 

4-4*4- 

(.ABC) 

(4-4-4-) 

(A + 4-) 

(4-fiO 

(A B4-) 

(4- 4- C) 

(.A 4- C) 

(+fi4-) 

162 

176 

10 


6 

4 

0 

3 

Total. 

338 

! 

10 


1 

Porw'iit. 

01.9 

4.6 

2.7 

0.8 


It can be noted in this example that there are two phenotypes for 
each classification, the one to the left beginning with a dominant 
allelomorph. The recombination percentages listed under region 1 
are for single recombinations, and the total crossing over in region 1 is 
obtained by adding the single recombinations and the double recom¬ 
binations. The recombination percentages for the three genes in the 
above example are A 5.4; B C, 3.5; and A Cy 7.3. 

Information presented in tables 2, 3, and 4 leads to the assumption 
of the sequence and approximate spacing of genes as follows: 

Y 8 R ^ Cl (Cl 0 ? Tr 0 ? Cv) Cv 12 B 10 

Table 3. — Three-point linkage tents 


Fi Ronotype 


Y n a 

+ -f +“ 

11+ + 
4 - h~(T 
y R + 
+■ + Cl 


Total 
l*tTwnt _. i 


yjlTr 
+ 4- -|" 
V'+ + 
+ 7Y 


Total 

IVjrcent. 


11 + + 
4- fi 


I'otal - 
l*em»nt . 


>'4* 4- 
+ R r, 


Total-... 
Percent.- 


1 Pan’tital 

Recombination.s 

Total 

combinations 









Region 1 

j Region 2 

Regions 1 and 2 


162 

t 

176 

10 

7 

0 

4 

0 

3 

368 

440 

456 

45 

49 

.2 

16 

0 

0 

1,018 

179 

177 

6 

14 

13 

12 

1 

0 

402 

! 1,590 

131 

63 

4 

1,788 

i 88 9 


3 

3. 

5 

0 

2 


29 

43 

5 

6 

1 

1 

0 

0 

85 

689 

655 

70 

62 

20 

39 

2 

0 

1,637 

1 1.416 

143 

61 



1,622 

87 

.3 

8 H 

3.8 

0.1 


157 

129 

19 

23 

23 

44 

3 

2 

400 

129 

19 

23 

2 

U73 

74.6 

11 0 

13.3 

1.2 


163 

121 

11 

12 

25 

42 

10 

"6 

370 

153 

12 

42 

10 

*217 

70 5 

5 5 

19 4 

4 6 



Rt•eoInhi- 
nat ion 
f>crcentages 


fV fi. 7.5 
fia, 3.7 
rC/. 10.8 


|Vfi.8.9 
fi Tr, 3.9 
[y Tr, 12 . G 


fVfi, 12.2 
{fifi, 14.5 
lrfi.24.3 


IV'fi, 10.1 
fi ri,23.9 
Irfi, 24.8 


See footnotes at end of table. 
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Fi genoty|)c 

i 

Parental 

combinations 

Recombinations 

1 Recombi- 
I'otal 1 nation 

1 iiercentages 

Region 1 

Region 2 

Regions 1 and 2 

^1+ _± 

166 

1 ^ 

9 


1 

**1 

1 i 

17 

7 j 

1 

1 

i 

407 

ir B,21 6 
{Bn. 10.1 

Ir n, 26 8 

\R 0,4.6 
/?, 12 3 

Ir b, 16.0 

+ B /’i 

Total --- 
Percent. 

R B 

+ or-f 

Total. .. 
Percent-- 

166 

71 3 

44 

18 6 

17 

7 2 

7 

2 9 

*237 

680 

714 

33 

36 

112 

86 

1 1 

6 

1,667 

1,394 

83.6 

69 

4 1 

198 

I 11 6 


1 


> Only boltors are considered since tlicst' were known to have the factor B, but all B plants did not bolt. 

* The ri plants were not included because of interference with growth, due to lac*k of chloro[»hyll, w’hich 
affected viability and the bolting rate. 


Table 4. — Four-point linkage test 



Paren- 



Recombinations 






tal 










Reconibi- 

F) genotypi' 

com- 









Total 

nation jier- 

bina- 

Region 

Region 

Region 

Regions 

Regions 

Regions itegions 


centagps 

_ 

tioiis 

1 

2 

3 

1 and 2 

1 and 3 

2 and 3 1.2.3 



+ R Bn 

164 

31 

3 ! 16 

6 j 28 

1 

24 1 17 

5 

3 

6 ! 0 

, 

1 1 64 

9 i 0 

1 

407 

fry?, 11.4 
/? B, 14 ;i 

B n, 10 1 

r B, 21 6 

Total...- 

164 

16 

28 

17 

6 

6 

1 

0 

>2:17 ' 













Yvi, 25 H 

R Vu 23 6 

Percent... 

69 2 

6 8 

11 8 

7 2 

2 


2.5 

0 4 

(1 0 




1 ri plants are not 
of n factor. 


I _ I I _'_I I __ ____ _ 

considered in calculating recombination percentages due to interference with expression 


Factors 67, Cv^ and Tr were found to be veiy closely linked, and 
their order has not been determined. Until furth(*r evidence is 
obtained the possibility of these three factors being allelic may be 
open to consideration. 


DATA RELATING TO GENES NOT IN THE Y-R-B LINKAGE GROUP 


Data for genes not in the Y R-B linkage group are nresentt^d in 
tables 5 and 6. Table 5 has the same arrangtunenl as taole 1, exc(‘pt 
for the thn^e columns to the riglit dc'aliiig with values. The 
purpose of the x^y values is to show wliether or not difl'iTences 

betw(‘en observed and theon'tical Mendelian ratios haw significance, 
and x\ values wen* calculated for the purpose of rc'vealing significant 
association or linkage betweem respective geru's. The x^ 
values were calculated in a similar manner from formulas given bv 
Mather (7) as follows; 


(X—x)^ 

- for hack cross data (whoro A' - a \-h and .r -r d) 

^ n 


and 


2 (X-ar)2 ^ 

^ ^2 data. 


3w 


The x^L values were calculated by the formulas 

2 _ _ _ 

^ (a+6)(c+f/)(a+c)(6+f/)' 


There is only one degree of freedom for each of these* x^ values, and 
from Fisher^s tables, as stated by Mather (7), it is seen that a value of 
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x*==3.841 is required for the 5-percent point of significance and a 
value of x^=d.635 is required for the 1-percent point of significance. 

Table 5. — for linkages and deviations in Mendelian ratios for factors not 

in Y-R-B group 


Individuals 


Genes (A" Y) ; 

Linkage 

phase 

P'eniale 

parent 

Fami¬ 

lies 

XY 

(«) 

Xy 

ih) 

jY 

Ic) 

TV 

id) 

Total 

in) 




pi 

HF2 


Num- 

her 

3 

Num¬ 

ber 

180 

Num¬ 

ber 

49 

Num¬ 

ber 

61 

Num¬ 

ber 

20 

Num¬ 

ber 

310 

0.07 

1 69 

0.53 

ru 

KFj , 

Ke<*. 

1 

4 

4.'>1 

*347 

izbb 

) 266 

1,419 

22.08 

26 ‘25 

.06 


CB 

Ooin. 

4 

2f)7 

200 

> 139 

1 132 

678 

27.28 

.29 

.01 

R 

('B (total) 


« 

658 

547 

494 

398 

2,097 

46 72 

20 43 

.12 

i 

( Fj 


10 

085 

332 

269 

62 

1,648 

21 23 

1.05 

6 10 

r 

CB 

Uee. 

1 

13 

12 

16 

16 

57 

.86 

.02 

.22 

R 

F, 

j 


192 I 

55 

51 

18 

316 

1.69 

.61 

.44 


(KB 

Hoc. 

~~2 i 

49 

j 50 

54 

53 i 

206 

31 

00 

.02 


KB 

Doni. 

' 1 ; 

: 91 1 

1 112 

90 

81 

374 

2.74 

39 

2 26 

R - i 

KB (total) 


3 i 

140 1 

162 

144 

134 

580 

.99 

.25 

1.71 

1 

1 

KFa. 


1 j 

102 1 

22 

29 

14 

"^167 

50 

1 06 

I 

4 14 

1 

1 

f('B . i 

Kec. 

‘i*i 

51 

48 

49 i 

58 

! m 

tw 

. 17 

1 68 

1 

(’B 

1 )om 

. .. i'i 

109 

94 

82 

89 

LJ!1_ 

2. 74 

.17 

i 1 22 

>' - 

CB (total) ' 


: 

100 1 

142 


147 

1 580 

.99 

01 

1 1 99 

1 

1 

(’F2 . 

i 

* ' ’ 


90 1 

34 

38 

-■"■*" 7 

169 1 

I i 

i 

.05 

2 53 


> Diflh'ultj wa.s <‘n(*ounlcn*d in classifying some ol the bl plants, approximately 10 iMwnt of those clussi- 
fled a'' hi were somev hat (luestionahle. 


Table 0.- F 2 data for ru and hi 



1 

1 

1 


Indix iduals 


i 


Date cla.ssifli*d 

) 

1 

i 

R 

! 


r 

1 

_j 

Total 


' Normal 

1 Kusset 1 

Bltwk 

Xonnal 

1 Kus«.et 

Blaek j 



j root 1 

1 rcMit ! 

r(M)t i 

root 1 

root 

root 1 



1 Number 

1 Number , 

Number ' 

Number 

Number i A'mhbfr , 

Number 

\ug. l.'l. 1935 

- j 45 1 

! 24 ' 

0 1 

12 ' 

9 


90 

Sept 14. 1938 . 

1 78 ! 

1 46 , 

9 * 

20 ; 

11 1 

1 { 

165 

Sept. 22. 1939. 

J 12 i 

t; 1 

1 i 

2 

4 1 

« I 

25 

Sept. 24. 1910 

. i 12:1 1 

! 52 i 

2 1 

26 

14 I 

1 1 

218 

June 1.5. 1940 1 

182 , 

82 , 

30 

68 1 

24 

; 

391 

Total,. 

; 440 j 

252 

128 i 

69 


889 

Katio ex|M*cted, 27 2 1 9 7 . 

j 375 0 1 

i 291. 

!_i 

125.0 ! 

i 

97 2 

1 

1 

889 


« Plants classified on June LI, 1940, were grown in the grwmhousts while those in other classifications were 
grown in the field. 


Discrepancies in ratios for W are seen (table 5) and were expected 
because in certain families difficulties in classification were encountered 
as well as a certain amoimt of mortality of bl plants. In some of the 
same families, however, discrepancies between observed and theoretical 
ratios for R are seen, and these discrepancies are not readily explainable. 

The values for from F 2 data in table 5 reveal two cases of appar¬ 
ent deviation from independent assortment between factors. One 
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case (x^x,==6.10) is a deviation from independent assortment between 
bl and i?, and the other case (x^l=4.14) is a deviation from independent 
assortment between ru and R. The backcross data for these same 
combinations of factors, however, clearly indicate independence of 
inheritance. 

A test for linkage between bl and ru and additional linkage tests 
between bl and R and ru and R arc considered in table 6. A black- 
root plant homozygous for bl and r was crossed to a russet-root plant 
homozygous for ru and i?. All Fi plants had perfectly normal roots. 
The Fa plants were grown in 4 different years. With independent 
inheritance, one-fourth of the total of 889 plants (table 6) were 
expected to show the black-root condition. Only 49 black-root 
plants were observed, showing a definite deficiency. Then', was 
considerable variation in degree of the russet-root condition, indicating 
that some bl plants were classified as russet rather than black root. 
The class designated as black root was very distinct in the field but 
not especially distinct in the greenhouse. Because of inability to 
separate all the bl plants from the ru plants the total black-root and 
russet-root classes are combined in table 6. After making this 
adjustment, the observed results agree fairly well with cxpectcnl 
results, assuming independence between Jf, hL and ru (table G). 

From the foregoing considerations independent inheritance* is 
indicated between hi and nZ, hi and JB, hi and F, pi and 7Z, ru and /?, 
and ru and Y, It is likely, therefore, that hi, pi, and ru are not iji 
the Y-R-B linkage group. The evidence indicates that hi and pi 
are also in separate linkage groups. Data in table 6 indicate? that hi 
and ru may be in separate linkage groups, although the linkage te'st 
for these two factors was not entirely satisfactory. The possibility 
of linkage between pi and ru was not tested. Thus, three linkage 
groups are represented: Y-R~B, bl, and pL The factor r?/ may or 
may not represent a fourth group. 

EFFECT OF RESPECTIVE GENES ON VIGOR AND PLANT WEIGHT 

Factors hi, Cl, Cv, pi, ru, Tr, and Vi all int(*rfered more* or less with 
vigor. The worst offender was Ci, and, as already stated, special 
precautions w(?re necessary to secure survival of plants homozygous 
for 7?i. 


'^I'able 7, —Association of factors hi, ru, Cl, Cv, Tr, and Y with plant weight 



Number of plants 

AvcraRC weiRlit 

VVoiRht 0 
mutant 

Factors coniparcd 

Mutant 

type 

+ 

(normal) 

Mutant 
type 1 

(normal) 

type a*? 
perwmt 
of normal 

6 / and 4-. - . .. 

618 

1,621 

Grams 

6.1 

Grams 

62.1 

10 

ru and 4* ..... . .. 

283 

374 

93.8 

146.7 

64 

C/and+_ . ... 

394 

395 

6.3.0 

100.0 

53 

rVand-f-.. . . 

144 

94 

11.9 

46.6 

26 

Tr and +.- - - -. 

786 

668 

116 0 

168.0 

73 

y and +..... 

227 

198 

209.6 

142.8 

147 


Data for plant weights presented in table 7 refer to total plant 
weights (roots and tops). For each population reported the seedlings 
were allowed to grow without thinning. Care w’as taken to avoicl 
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exposing to curly top the plants used in obtainhig records of weights 
l)e(!ause of the correlation between at least one factor for curly top 
n^sistence and the color factor B (2). 

The bl, Cl, and Cv plants were definitely lacking in vigor, while the 
ru and Tr plants also showed some decrease in vigor (table 7). The 
lack of vigor in Tr and Cv plants was less apparent in plants heterozy¬ 
gous for these factors than in homozygous Tr Tr or Cv Cv plants. 

Plants carrying the Y factor have never appeared to be lacking in 
vigor, and limited data in table 7 indicate some increase in vigor 
with 1" plants. 

AN EXAMPLE OF CYTOPLASMIC INHERITANCE 


A white variegation common to commercial varieties of sugar beets 
is illustrated in figure 7. This albino condition is believed to be 
similar to types described by Munerati {8). These partially albino 
plants are relatively rare, luit when they do occur they are sometimes 
conspicuous. Some varieties seem to produce more variegated plants 
than others. The curly top resistant variety U. S. 22 produces occa¬ 
sional plants of this type. 

In a 2-acre seed field 
grown to variety U. S. 

22 in 1937, a variegated 
plant with par^^ly white 
and partly greem in¬ 
florescence was ob¬ 
served to ho flowering 
and producing seed. 

Many plants of U. S. 22 
that have been tested, 
all hav(‘ been strongly 
self-sUu’ile; hence, the 
dowel's of this partially 
variegated plant were 
v(uy probably fertilized 
by polhui from sur¬ 
rounding plants with 
normal chlorophyll. 

After ripening, the seed 
produced by the coni- 
pl(‘tely white or albino 
portion of the plant was 
collect,(‘d and labeled 
‘Mot A/’ The seed 
produced by the por- 
tioji of the plant that 
w^as chiefly green but 
had a few small white 
sectors was labeled ^Mot 
B /' Observation of the 
sc^edlings growm from 
these two seed lots 
indicates matcmal or 
cytoplasmic inheritance 
of material necessary 



mm 


FKJciiE 7.— Chlorophyll deficiency considered as 
an example of cytoplasmic inheritance in Beta 
vulgaris. 
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for the production of chlorophyll. Seedlings from lot A were all 
albino and died in the cotyledon stage, with 2 exceptions out of a 
total of 74 plants observed. Both albino and normal seedlings wore 
produced by the seed labeled ‘Oot B/' These observations and the 
conclusions in regard to the cytoplasmic nature of inheritance are in 
agreement with observations and conclusions made by Munorati (^). 

DISCUSSION 

The expression of the Mendelian factors rc'sponsible for pigment 
development was markedly affected by environmental conditions, age, 
and stage of plant development. The red anthocyaninlike pigment 
produced in the presence of R is most conspicuous in hypocotyls of 
seedlings and in the crown buds of older vegetative plants. Wlien the 
seedstalk is first initiated the anthocyaninlike pigment usually fadc^s 
or disappears for a time, but it reappears as soon as vegetative or semi- 
vegetative buds d(‘velop on branches of the seedstalk. Injury, as 
from some insects and fungi, frequently caus(‘s tin' pignu'nt to develop. 
The pigment produced under any of these conditions is some shadt^ of 
red when the factor R is present, and some shade of yellow or orange 
in r plants. 

Red pigment also develops in the pericarp of the seed ball on R 
plants. The red pericarp varies in intensity but was present in all 
strains tested. This was demonstrated by placing paper bags ov(t 
the inflorescence and removing the bags when the scckI balls were 
well formed just before ripening. A brilliant red color developed in the 
pericarp of R plants a few days after the bags were removed. This 
pigment gradually faded in the intense sunlight as the s('ed dried and 
ripened. 

In general the red anthocyaninlike pigments and related yellow 
pigments in beets arc increased during vc'gotative development by 
increased soil fertility, spacing, and light intensity. Low temperatun's 
also have a decided effect in increasing pigment development. TIk* 
relative effects of certain environmental factors, however, are depend¬ 
ent upon the genetic constitution of the plants. The expression of 
factors Cl and Cv is dependent upon sunlight, and the more intense 
the sunlight the greater the pigment development. The expression of 
the factor Tr is not affected in this manner, and Tr plants as well as Y 
plants develop pigment in total darkness. 

It is of interest to note the chemical composition of tln^ red pigim^nt 
that is produced in large quantities in the beet root in the presence' of 

and F. This pigment is known as betanin, and Pucher, Curtis, and 
Vickeiy {13) state that ‘‘Betanin has been classified as an anthocyanin, 
but differs from typical anthocyanins in that it contains nitrogen 
* * * it is a glucoside of a nitrogenous nucleus related to tin' 

anthocyanidins.^^ 

SUMMARY 

Data for 10 Mendelian characters in Beta ^mlgaris L. are presenti'd. 
These characters and their genetic symbols are as follows: bolting 

or annual habit; hly black root; Cl, colored leaf; Cv, colored loaf veins; 
pi, plantainlike leaf venation; R, red plant color; ru, russet root; Tr, 
trout or spotted leaf; V \, variegated foliage; Y, heavy production and 
extension of pigment. 
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Seven of the ten genes were found to be in the Y-B-B linkage group. 
The sequence and approximate genetic spacing of these genes were 
found to be as follows: 

r 8 1? 4 a (a 0 ? Tr 0 ? Cv) Cv 12 B 10 Vi 

The genes Cl, Ci\ and Tr were very closely linked, and their order was 
not determined. According to available data, the genes W, pi, and 
rur are not in ihv Y-B-B group. 

All 10 genes, except Y, B, and B, interfered more or less with vigor. 
Limited data are presented showing the extent of loss in vigor asso¬ 
ciated with the presence of the genes bl, Cl, Cv, ru, and Tr. 

A variegated foliage*, condition with large albino sectors was observed, 
and the type of prog(‘ny obtained from the albino and green se'ctors 
gave evidence of maternal or cytoplasmic inheritance. 
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NITROGEN FIXATION BY AZOTOBACTER AS INFLU¬ 
ENCED BY MOLYBDENUM AND VANADIUM* 

' 

By C. Kenneth Hoener, junior chemui. Dean Burk, formerly chemut^ Franklin 
E. Allison, senior chemist^ and Mildred S. Sherman, assistant chemist^ Division 
of Soil Microbiology^ Bureau of Plant Industry^ United States Department of 
Agriculture 

INTRODUCTION 

The stimulating action orL nitrogen fixation bv 

AzotobdcUr, hr&t reported bv BortelsWf)? haF^nce been observed 
by a number of other inve§tigat0rS3|^^ the beneficial effect 

of this element has been d^mmStimed liy Bortels (/;?),. for nitrogen 
fixation by Nostoc; by Steinberg {36, 37) and Steinberg and BowUng 
{39), for the growth of Aspergillus niger; by Bortels {10), Obraztzova 
and others {32), Bobko and Savvina {6), and Bertrand {4), for leg¬ 
umes; and by Dc Rose, Eisenmenger, and Ritchie {19), Arnon {!), 
Arnoii and Stout {2) , and Piper {33) , for other higher plants. Van Niel 
(40), Bortels {9), and Konishi and Tsuge {27, 28) have found that 
th(' addition of molybdenum or vanadium to soils may increase bac¬ 
terial numbers and nitrogen fixation. Less is known about the effect 
of vanadium than of molybdenum on organisms; but whenever direct 
comparisons have been made on Azotohacter or legumes, vanadium 
has had a smaller effect than molybdenum on nitrogen fixation 
{8, 9, 10, 13, 15). 

Previous investigations by Burk {13) and Burk and Homer {15,16) 
of the influence of molybdenum and vanadium on Azotobucter consisted 
chiefly of growth-rate experiments with the Warburg manometric 
technique*. Those studies showed that in a nitrogen-free medium 
growth and nitrogen fixation were inen^ased markedly by molybdenum 
or vanadium but that these catalytic elements diu not appreciably 
aff(*ct growth when the medium contained fixed nitrogen. A very low 
concentration of either molybdenum or vanadiiun was effective. 

Otht'r investigators who have reported studies of the effect of molyb¬ 
denum or vanadium on Azotobacter have used the usual Erlenmeyer 
flask culture technique almost exclusively. The outstanding studies 
of this type are those of Bortels {8, 11), who determined the effect 
of vaiying concentrations and combinations of molybdenum, vana¬ 
dium, iron, and otheFelcments on nitrogen fixation or utilization and 
on pigment production, and those of Krzemieniewski and Kovats 
{30) and Kovats {29), who investigated the relative effects of imn, 
molybdenum, vanadium, humic acids, and the ash of the humates 
on nitrogen fixation and on efficiency of sugar utilization. 

Experiments conducted with the Warburg respiration technioue and 
with the stagnant long-time culture method are not neces^rily airectly 
comparable. The purpose of the studies reported herein was (1) to 

> lieoeivpd for publication October 13,1941. 

3 Italic nuini)ers in parentheses refer to Uterature Cltoil, p. 191. 
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attempt to confirm some of the results obtained by others, particularly 
those of the investigators mentioned in the preceding paragraph, by 
using their methods, and (2) to obtain information on other phases of 
the problem not yet studied or inadequately studied. These latter in¬ 
clude the influence of molybdenum m relation to age of culture, its 
impurity in the media, and strain variation. The effective concen¬ 
tration range of both molybdenum and vanadium for several typical 
strains is given. These data are needed for a proper evaluation of 
previous work and for a better understanding of the nutritional or 
catalytic role of these elements. The (piestion whether molybdenum 
and vanadium are specific catalysts for the nitrogen-fixation process 
or whether they also favor the growth of Azotobacter supplied with 
combined nitrogen will not be considered here. Aside from workers 
in this laboratory (fS, 14j 15^ 16)^ only Birch-Hirschfeld (5) and 
Bortels {8) have considered this phase of the problem. This sub- 

i 'ect is now under active investigation. In all the work reported 
)elow, the organisms were grown on nitrogen-free media, where 
growth is dependent upon nitrogen fixation; hence the two terms 
**grou)th^^ and ^^nitrogen fixation^^ are used interchangeably. 

MATERIALS AND METHODS 

The two culture media chiefly employed are designated as A and 
B. Medium A was prepared as follows: Eight-tenths of a gram of 
dipotassium phosphate (K2HPO4), 0.2 gm. of monopoUissium phos¬ 
phate (KH2PO4), 0.2 gm. of magnesium sulfate (MgS 04 . 7 H 20 ), and 
0.1 gm. of calcium sulfate (CaS 04 . 2 H 20 ) were added to 1 liter of dis¬ 
tilled water and thoroughly shaken. After the undissolved material 
had settled, the clear solution was decanted off as desired. It contained 
about 15 percent less phosphate and 40 percent less calcium than had 
been added. Just before use, an additional 20 percent of distilled 
water, 10 or 20 p. p. m. of synthetic humate (containing 10 percent of 
iron) {25), 0.05 percent of neutralized lactic acid,* and 1 or 2 percent 
of sucrose or glucose were added to the clear solution. The constituents 
of this medium remain soluble so that daily observations of bacterial 
growth or turbidimetric analyses can be made. Medium B was similar 
to that of Bortels and was prepared by adding 1.0 gm. of dipotassium 
phosphate (K2HPO4), 0.5 gm. of magnesium sulfate (MgS 04 . 7 H 20 ), 
1.0 gm. of calcium carbonate (CaCOs), 0.02 gm. of iron sulfate (FeS 04 - 
.7H2O), and 10 or 20 gm. of glucose or sucrose to 1 liter of distilled 
water. Medium B was always turbid because* of the excess of calcium 
carbonate. When molybdenum was added to either medium it was 
supplied as sodium molybdate (Na 2 Mo 04 . 2 H 20 ); vanadium was 
added as the ortho or meta vanadate. Modifications of media A and 
B that were used in some experiments are described in connection 
with the individual experiments. 

Erlenmeyer flasks of 125- or 250-cc. capacity, containing 15 or 
25 cc. of media, respectively, served as culture vessels. This gave a 
layer of liquid 3 to 6 mm. in depth. The flasks were plugged with 
cotton and sterilized in an autoclave at 10 to 15 pounds^ pressure for 
15 to 30 minutes. When glucose was present, the lower pressure and 
sliorter time were used to prevent excessive decomposition. 


9 A smaU amount of sodium lactato has boon found to ho advantageous in maintaining a slightly alkaline 
* feaction for soma strains of A zotobarter that tend to produce acidity. ThepH of ♦ he cultures varied between 
a 6 and 8.0; in genera]» cultures with the most growth bad the highest pH values. 
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The two strains of Azotobacter employed in the majority of the ex¬ 
periments were A. chroococcum Beij. and A, vinelandii Lip. 

V-L® Other strains, used for comparison, were A. chroococcum B-6, 
B-7, and B~10; ^ A, vinelandii B-A, B~6, and B~9;^ A. agile Beij. K~1 
(26 ); ® A, agilis atypica Kluyver and Van den Bout K~2; ® A. chroococ¬ 
cum C~4 and C~5; ^ and A. chroococcum C~12 and C~15.® 

Inoculation of the media in the experimental flasks was accom- 

E lished by adding one or two drops of a 1- or 2-day liquid culture that 
ad been growing for some time on mc^dium A with frequent trans¬ 
fers. The cultures were incubated at 28° to 31° C. for various periods, 
depending upon the purpose of the experiments. The purity of the 
cultures, especially of the inoculum, was checked by frequent inocula¬ 
tion into a peptone-meat extract medium as well as by microscopic 
examination. 

Analyses were made on aliquots of the cultures at the 
end of the incubatftn period after sufficient distilled >vater had 
been added to restore them to their original volume. The dry 
matter produced was obtained by centrifuging, washing once with 
distilled water, and drying in an electric oven at 80°-100° C. 
The unoxidized carbohydrate in the centrifugate >\as determined 
^ m(‘ans of the Von Fellenberg (20) chromic acid oxidation procedure. 
Tins m(»thod, though not strictly specific for the determination of 
sugar, is convenient and gives a close approximation in the case of 
Azotobacter, which is known to oxidize glucose and sucrose or their 
interrn(‘diate oxidation products almost completely to CO 2 and H 2 O 
(31), Centrifugates from cultures that have obtained maximum 
growth usually give a reaction, upon chromic acid oxidation, equivalent 
to up to 5 percent of the initially added sugar. This is probably non¬ 
sugar and largely represents carbon originating from the excreted 
nitrogenous compounds (24)• The oxidizable carbon was calculated 
as glucose on the basis of 1 cc, of 0.1 N potassium dichromate (K 2 Cr 207 ) 
as equivalent to 0.75 mg. of glucose. All nitrogen, dry-matter, and 
carboliydrate analyses were based on 100 cc. in order to facilitate 
<^omparisons. Turbidimetric measurements were made by means of 
a Bausch and Lomb n(‘phelometer. The standard for comparison 
was pn'pared by shaking an excess of pulverized bentonite in distilled 
water, allowing it to stand overnight, and using the decanted suspen¬ 
sion or suitable dilutions of it. Humate was added, comparable to 
that in the cultun* medium, to provide approximately the same tint. 
Th(‘ most turbid standard was arbitrarily called 800 units, which is 
equivalent to the turbidity given by a culture of Azotobacter contain¬ 
ing about 14 to 18 mg. of nitrogen or 100 to 150 mg. of dried bacteria 
per 100 cc. These turbidity units are not necessarily comparable 
with those reported in previous publications from this laboratory. 
Colorimetric pH determinations were made with various La Mott-e 
indicators and standards. Total nitrogen was determined by the 
micro-Kjeldahl method. 


• Obtained from O. P. JVfaxiraovarof the lalioratory of A. N. Bach, U. S. 8. R. Academy of Sciences, 
M oscow, 

• Original strain isolated by J, O. Liptnan and obtainM from him abont 18 years ago. 

• Received from 11. W. Reu.srer, formerly of the Colorado Agricultural Ex))eriment Station, who had 
obtained them from A. J. Kluyver, of Delft, Netherlands. 

’ Obtained from the National Colh'ction of Tyi>e Cultures, Lister Institute, London, England, as Nos. 
4183 and 1865. 

• Obtained from N. R. Smith, of the Division of Soil Microbiology, Bureau of Plant Industry, U. S. De¬ 
partment of Agriculture, as Nos. 12 and 15. 
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EXPERIMENTAL RESULTS 

AGE OF CULTURE 

Figures 1 and 2 show the effect of molybdenum upon nitrogen 
fixation by Azotobacter chroococcum B-S and A. vinelandii V-1 in 
relation to age of culture. The data presented in these figures are 
from numerous experiments carried out over a period of 3 years 



Figure 1 . — Total nitrogen fixed by Azotobacter chroococcum B-8 as a function of 
age, with and without added molybdenum: Curve I, no added molybdenum, 
and curve II, 1 or 4 p. p. m. of molybdenum, various samples of sucrose oi 
glucose serving as sources of energy; curve III, no added molybdenum, sucrose 
1 serving as the source of energy. Symbols: • = 2 percent glucose; G — 1 
percent glucose; -f =2 jjercent sucrose 1; X '--=2 percent other sucroses; ® — 1 
percent other sucroses. 

Although the conditions in the various experiments were similar, both 
media A and B with modifications wen? employed, and several samples 
of chemically pure sucrose or glucose designated in the legends were 
used. The usual experimental variations further tended to give a 
scattering of points around the curves. 

The preponderant influence of molybdenum over any of these other 
rariables is evident from the extreme divergence (a maximum of 
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thirtyfold to fortyfold) between curves I and II. Curve III of figure 
1 indicates that one sample of sugar, sucrose 1, which consistently 
caused 50 to 100 percent or more growth than any of the other energy 
sources in the absence of added molybdenum, probably contained an 
appreciably peater impurity. Further evidence for this will be given, 
below. Both strains oi Azotobacter responded similarly to molybdenum 



FicrRE 2.—Total nitrogen fixed by Azotobacter vinelandii V-1 as a function of 
ago, with and without added molybdenum: Curve 1, no added molybdenum, 
and curve II, 1 or 4 p. p. m, of molybdenum, various samples of sucrose or 
glucose serving as the sources of energy. Symbols: • = 2 ]>ercent glucose; 
f “2 percent sucrose 1; X—2 percent other sucroses; ® = 1 percent other 
sucroses. 

attaining maximum gi-owth by about the sixth to eighth day. lu the 
absence of added molybdenum, analyses have shown 1 to’l. 5 gm. out 
of the original 2 gm. per 100 cc. of carbohydrate still remaining after 
31 days. Since the energy supply is not limiting in the latter case, 
cultures with either 1 or 2 percent fall cnjually well oh curve I. The 
cultures without molybdenum continue to grow slowly for weeks 
after those with adequate molybdenum have consumed their energy 
supply and ceased growing, but the greatest increment in nitrogen 
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fixation takes place during the first few days. This would seem to 
indicate that if no molybdenum impurity were present there would 
be no growth. A. vinefandii V-l, as a rule, gives a little more nitro¬ 
gen fixation with no added molybdenum and a slightly lower maximum 
when it is optimum than is observed for A, chroococcum B~-8; the 
latter organism also usually grows somewhat more rapidly during the 
first 1 or 2 days, at least as evidenced by turbidity observable. 

The ndation of age of culture to total nitrogen fixed by another 
strain, Azotobacter tnnelandii B~6, in the presence and absence of 



Figure 3.— Total nitrogen fixed by Azotobacter Vinelandii B--6 as a function of 
age, with and without added molybdenum; energy source, 2 percent sucrose 
2: Curve I, no added molybdenum; curve II, 1 p. p. m, molybdenum. 


molybdenum, is sliown in figure 3. The maximum nitrogen fixation 
with 2 percent of sugar and adequate molybdenum was only a little 
greater for this strain than for A. vinelandii V-1 (fig. 2), but in the 
absence of molybdenum the relatively large' amount of growth of the 
former in contrast to the latter is very striking. In figure 3 it will be 
observed that on the second or third day the fixation in the absence 
of added molybdi'iium was 30 to 40 percent of that with molvbdenum; 
on the fifth to sixth day it was 50 percent or more. Such high nitrogen 
fixation in the presence of mere traces of molybdenum as impurity, 
amounting to 20 to 22 mg. of nitrogen per 100 cc., in contrast to 1 
to 2 mg. of nitrogen fixed by the other two organisms, shows a very 
different molybdenum requirement for this organism. 
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MODIFICATION AND PURIFICATION OF MEDIA 

Several attempts were made to lower the molybdenum impurity 
in the media and to obtain more convincing proof of its essentiality 
for nitrogen fixation by Azotobacter, In the writers' earlier work, 
0.2 mg. of sodium chloride (NaCl) per liter had been added to medium 
A, but recent tests have shown not only that it is unnecessary but 
that it may contain a trace of molybdenum. It was also observed 
that freshly prepared medium A usually gave somewhat less growth 
in the absence of molybdenum than if this medium were prepared 
from inorganic solutions that had stood for some time in contact with 
the undissolved sediment. The use of water that had been redistilled 



Figure 4.— Growth of Azotobacter chroococcum B-S as a function of sugar con¬ 
centration in the absence of added molybdemun: Curve I, sucrose 2, 2-day 
culture; curve II, sucrose 2, 5-day culture; curve III, sucrose 1, 2-day culture; 
curve IV, sucrose 1, 5-day culture, 

from pyn'X V(‘ssels gave the same results as ordinarv distilled water. 
Th(» sources of calcium or iron were n'versed for tlie two media in 
some exp(»riments, and other sources were tested, but there was no 
consistent effect either on the maximum nitrogen fixation by Azoto¬ 
bacter obtainable with optimum molybdenum or on the minimum 
without molybdenum. 

The sugar, which is present in many times the concentration of 
any other constituent of the media, may well furnish considerable 
molybdenum impurity, as is indicated in figure 1. Out of about a 
dozen different c. p. sugars tested, including sucrose, glucose, mannite, 
and levulose, all except sucrose 1 gave about the same small growtli 
on molybdenum-deficient media. Unfortunately, this particular 
sugar had been in use for some time before it was compared with other 
samples. Figure 4 shows the striking difference in the response of 
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Azotohacter chroococcum B-8 to increasing concentrations of sucrose 
1 and sucrose 2. The latter caused less than a twofold increase in 
growth as the concentration was raised from 0.5 to 4 percent, whereas 
the former gave a threefold effect. The relatively small change be¬ 
tween the 2- and 5-day cultures indicates little tendency for the cul¬ 
tures with sucrose 2 to approach with age those with sucrose 1, at 
least not while the energy supply is adequate. In a similar series of 
cultures, where optimum molybdenum was added and heavy growth 
and a rapid utilization of sugar occurred, there was no essential differ¬ 
ence between the growths with the two sugars. It would seem, 
therefore, that the improved development of molybdenum-deficient 
cultures produced by sucrose 1 is due to a greater molybdenum im¬ 
purity. A concentration of sugar greater than 4 percent tends to 
inhibit growth of A. chroococcum with or without molybdenum, 
and hence the shape ot the curves in figure 4 may be influenced to 
some extent by an approach to this inhibiting range. 


Table 1 . — Nitrogen fixation by 10-day cultures of Azotohacter chroococcum B-8 as 
affected by charcoal purification of sugar and salts of the medium 
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* Calcinin was supplinl as CaClj instead of CaSOi 2 H 2 O. 

3 Salt solutions collected after fllterinp; throii|;ti the charcoal 2 to .3 hotirs, others collected dunnit first 2 to 
3 hours. 

• Not treated with charcoal but rocrystallized from water with alcohol. 

< Purified with Pfsiistiehl charcoal, others purified with Norit. 

Preliminary attempts to remove this appan*nt molybdenum im¬ 
purity from the media by means of Steinberg^s {S5) proct^dure of 
calcium carbonate (CaCOa) precipitation or by letting Azotohacter 
remove the impurity and thcin re-using the media wctc unsucct^ssful. 
However, if sugar solutions were allow(»(l to pt'rcolate thi ough charcoal, 
and the sugar was then n'crystallized from alcohol, the growth of 
Azotohacter in the media containing the purified sugars and no add(*d 
molybdenum was definitely low(»red. When optimum molybdenum 
was added to the media the charcoal treatment of the' sugars caused 
no significant effect on the; growth of the organisms. Table 1 sum¬ 
marizes the results of an experiment with Azotohacter chroococcum 
B-8 in which various combinations of purified and unpurifi(‘d salts 
and sugars were employed as media. The charcoal treatment of the 
salts had practically no effect, but the purified sucrose 1 gave markedly 
less growth in the absence of molybdenum than did the unpurified 
sample. Even with sucrose 3, slightly less growth in molybdenum- 
deficient media was obtained when this sugar was treated with char¬ 
coal, although recrystallization from alcohol aloru' was nearly as 
efficient. It is interesting that the nitrogen fixed by the organisms 
in the absence of molybdenum was nearly the same in the presence 
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of either of the purified sucro^s 1 or 3, and only slightly less than 
with unpurified sucrose 2. Evidently it is the molybdenum impurity 
in the various samples of sucrose that is chiefly responsible for their 
different behavior in.supporting nitrogen fixation by Azotobacter, 

STRAIN VARIATION 

The results of two experiments in which 14 strains, comprising 3 
species of Azotobacter, were compared are shown in table 2, Data are 
given for total nitrogen fixed, dry matter, cell nitrogen, carbohydrate 
consumed, and milligrams of nitmgen fix(»d per gram of sugar utilized 
for cultures with and without added molybdenum. The two experi¬ 
ments are not strictly comparable because of the different incubation 
pcTiods, conc(»ntrations, and samples of sucrose used. The lower 
concentration of sugar used in experiment 1 reduced the total molyb¬ 
denum added as impurity but of course also limited the total nitrogen 
fixation in tin* pr(»s<‘nc(' of an adequate supply of this element. Bear-^ 
ing in mind these considerations, certain generalizations may be made. 
It will be noted that when no molybdenum was added the two strains 
of Azotobacter agile and all the strains of A, mnelandii except A, 
vinelaodii V~ I gave relatively high nitrogen fixation. It would appear 
that even with sucrose 2, although only one ol these strains in each of 
the two species was test(‘d with the purer sugar, the total nitrogen 
fixation amounted to 60 to 70 percent of that obtained with optimum 
molybd(»mim. On the other hand, the strains of A, chroococcum, 
with sucrose 2, show(*d a nitrogen fixation in the absence of added 
molyb<lenum of about 10 percent or less of that in the presence of an 
adequate supply of this (dement. Thus, in this rc'spect A, mvelandii 
B-6 af)pears to b(' a typical r(‘presentative of the A, agile and A. vine- 
landil strains studied, and A. chroococcurn B-8 b(diaves like the other 
strains of A. chroococcurn. 

Oven* a period of years AzotobaHer vinelandii V-1, as mentioned in 
iho discussions of figun's 1 and 2, has usually responded to molybdenum 
mor(» iKuirly lik(» the ^1. chroococcurn strains than like the other A,, 
vinelandii organiwSins testc'd. In several recent ('xpcTinuuits, however, 
cultures of this particular strain fixed 10 to 14 mg. of nitrogen per 100 
cc. in the absence of addend molybdenum. Normal btdiavior of cultures 
of A. chroococcurn B-S, which were t(‘st('d simultaneously, showwl that, 
the chang(‘d Ixdiavior of A. vinelandii V-1 was not due to a higher 
molybdenum impurity in the medium. Further work will be necessary 
to (iet(*rmine whether or not A. vinelandii V-1 has undergone a per¬ 
manent variation with lespc^ct to the quantitative effect of molybdenum. 

Th(‘ strains of Azotobacter chroococcurn whose behavior in respect 
to molybdenum was similar showi'd certain differences among them¬ 
selves in other physiological characteristics. For example, strains 
B-IO, C-4, C-12, and C-15 grew especially slowly under tlie condi¬ 
tions employed, even when supplied with molybdenum. This is evi¬ 
dent from table 2, experiment 1, which shows that by the third day 
all the cultures except these had attained practically maximum 

f growth. A, chroococcurn C-15 appears to be uiiiciue in possessing a 
ower ultimate nitrogen-fixing ability. Whereas all of the other A, 
chroococcurn strains in experiment 1 gave a fixation of 13 to 16 mg. of 
nitrogen per 100 cc. of medium by the eighth day, when growth hod 
practically stopped, this organism yielded only 9.3 mg. of nitrogen per 
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100 cc., with carbohydrate still remaining and growth essentially at 
maximum. Table 2 also shows that the efficiency of carbohydrate 
utilization was normal. Perhaps this organism requires additional 
trace elements as reported for several strains of Azotobacter by SchrOder 

( 34 ). 

Table 2.--Comparative effect of molybdenum {1 p. p. m.) on different strains of 

Azotobacter 

[Figures art* for 100 cc. of culture] 


ExTiorimcnl No. and Azeto- 
bacter siiccics and strain 

Age 

of 

cul¬ 

ture 

'rotal nitrogen 
fixed with— 

Dry weight 
of cells with— 

Nitrogen 
content 
of cells 
with— 

Sugar con¬ 
sumed with— 

Nitrogen 
fixed i>er 
gram of 
sugar con¬ 
sumed with— 

No Mo 

Mo 

No Mo 

Mo 

No 

Mo 

Mo 

No Mo 

Mo 

No Mo 

Mo 


Dayx 

Mg. 

Mg 

Mg. 

Mg. 

Pet 

Pet. 

Qm. 

Orn. 

Mg. 

Mg. 

Experinic-nt 1: * 












A. agile K~1. 

3 

7 58 

10 7 

86 

101 

7 

0 

1 07 

1 Of) 

7 

10 

A. vinelandii 

3 

8 15 

13 8 

54 

85 

10 

12 

1 06 

1.06 

S 

13 

A.vinelandiiVA. 

3 

. 77 

8 2 

2 7 

58 

*9 

12 


1 07 


8 

A. chroococcum B~5 _ 

3 

54 

13 1 

23 

03 

2 14 

10 


8«1 


16 

A. chroococcum B“7 . . 

3 

.60 

14 6 

24 

84 

8 12 

12 


1 02 


14 

A. chroococcum B S. . . . 

3 

.40 

15 0 

24 

00 

3 10 

13 


1 04 


14 

A. chroococcum B-10. 

3 

.10 

10 0 

2« 

150 

»4 

4 


. 65 


15 

A. chroococcum r-4 ... 

3 

.37 

5 4 

24 

43 

28 

10 


. 32 


17 

A. chroococcum C-5 . 

3 

.46 

12 7 

24 

122 

39 

s 


.86 


15 

A. chroococcum ('-15 

3 

40 

6.2 

* 7 

40 

»6 

11 


.30 


16 

A.aaUcK-l . 

8 

7 08 

10 0 









A nnelanriit V-1. 

S ! 

1 26 

10 0 

n 

50 

S 

12 

.45 

1 07 

3 

0 

A . ch roococcu m B-5 

8 i 

04 

13 7 

17 

75 

5 

12 

.14 

1 04 

7 

13 

A. chroococcum B-7 

8 

77 


2 13 


35 


22 


4 


A. chroe^occarn B-8 

8 ! 

1 00 

14 7 

14 

HO 

6 

12 

10 

1.06 

5 

14 

-i. chroococcum B-10. 

8 

.07 

14.3 

2 10 


i 4 


38 


3 


A. chroococcum C-4 .. 

8 

./7 

15 5 

2 13 

108 

25 

'"i2 

11 

105 1 

7 

15 

A. chroococcum C-5. 

8 

I 77 

14 7 

2 14 


34 


If 


6 


A. chroococcum C-12 

S 

80 

13 0 

27 

1 

1 






A. chroococcum C-15 

8 

1 .80 

9 3 

21 

68 { 

3 

10 

1.3 

’ 66’ 

6 

H 

ExiH^rinifiit 2. < 


1 










v4. K-1-. . - 

0 

10.0 

2fl.0 

no 

174 


n 

1 00 

1.82 

10 

14 

A . agitiii atypica K-2 

6 

7 2 

14 3 





. 




A. vinclfindii Jl A 

f» 

0.3 

25.0 

83 

i 184 

10 

11 

80 

1.70 

12 

15 

A. vinelnudii B-Q... . . . 

G 

12.3 

28 9 









A. rinefandti B-9. 

6 

0,3 

10 6 









A. nnelnndiiVA. . . 

0 

4 1 

20 0 









A chroococcum B-H... ... 

fi 

2 7 

16 5 









A. chroococcum (W 

G 

1 0 

10 6 


i43 

8 

14 

.26 

1..52 

'7 

13 

A. chroococcum C'-15 

G 

I 

2 2 

0 6 

42 

8/ 


10 

.17 

.67 

13 

14 


1 Initial sugar, l.U) gm. of sucrose 2 imt 100 cc. 

2 Dry matter estimatcsl from turbidity. 

3 Nitrogen content calculnte<i on the basis of cell nitrogen onual to SO ponx'iU of the total nitrogen 
♦ Initial sugar, 2.(K) gni. of sucrose I per 100 cc. 


The dry matter produced by the various strains was usually roughly 
parallel to the nitrogen fixed, except for Azotobacter chroococcum B-10 
and C--5. The proportionately greater dry weight of these organisms 
was due to lai^er gum formation. To permit satisfactory centrifuga¬ 
tion the cultures were acidified to pH 2 to 3, which coagulated the 
gum with the cells and accounts for the lower nitrogen content of the 
dry matter. Where molybdenum was present most of the cultures 
gave a rather uniform nitrogen content of 10 to 12 percent of the dry 
matter. Many of the moljy^bdenum-deficient cultures were apparently^ 
considerably lower in their percentage of nitrogen, but the approxi¬ 
mate estimation of both the dry matter and ceil nitrogen for the 
very light cultures reduces the accuracy of the figures. 
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The efficiency of carbohydrate utilization (milligrams of nitrogen 
fixed per gram of carbohydrate consumed) varied to some extent for 
the different cultures but was frequently twofold to threefold greater 
with molybdenum. Bortels (8), &zemieniewski and Kovats (SO), and 
Kovats (29) report similar or somewhat greater differences for their 
organisms with and without molybdenum. This element, therefore, 
exerts its effect upon both the rate of growth of Azotobacter and the 
total nitrogen fixation, or growth per unit of sugar consumed, the 
latter very probably being lai'gely a consequence of the former. 

EFFECTIVE CONCENTRATION RANGE OF MOLYBDENUM AND VANADIUM 

Figure 5 represents graphically the nitrogen fixation of 6-day-oid 
cultures of Azotobacter chroococcum B-8 as a functibn of suboptimal 
concentrations of molybdenum and vanadium when sucrose 1 and 
sucrose 2 served as sources of energy. A comparison of the molyb¬ 
denum curves shows that with the lower range of molybdenum there 
is considerable divergence between the results with the two sugars, 
but as the optimum is approached the curves tend to coincide. This 
is true also for the vanaaium curves. If we assume that the nitrogen 
fixed wdth no added molybdenum depends upon the impurity in 
the medium, the apparent trend of all of the curves is to approach 
zero nitrogen fixation with zero molybdenum or vanadium, and we 
may extrapolate the curves to their intercept with the horizontal 
axis and obtain an approximate analysis of this impurity. The 
diffenmee between the intercepts for the two curves (b-a) would indi¬ 
cate' the extra impurity supplied by sucrose 1. The estimates thus 
obtained indicate a maximum of about 0.0002 p. p. m. of molybdenum 
(or vanadium) contained in the medium with 2 percent of sucrose 2, 
and 0.0012 p. p. m. with 2 percent of sucrose 1. It is obvious that these 
are only rough estimates because of the nonlinearity of the curves and 
culture variabilities, but if the points for curve II are sMfted along 
their horizontal axes for a distance equal to practically all fall on 
<'urv(» I. 'yhe same correction might be made with respect to vana¬ 
dium for curves III and IV, but they do not so nearly coincide. This 
do(‘S not mean, how(*ver, that the impurity is solelv molybdenum, for 
curves III and IV may be merely less accurately defined than curves 
1 and II. The estimated 0.001 "mg. of molybdenum supplied to the 
medium by 20 gm, of sucrose 1, while sufficient to yield about 10 per¬ 
cent of the optimum effect, is in reality only a minute trace (0.000005 
percent) of impurity. It may be of interest to recall that Steinberg 
(3<9) reported the presi^nce of 0.00004 percent of molybdenum in the 
sucrose he used. 

The ('ffective suboptimal concentration range for G-day-old cultures 
of Azotobacter chroococcum B-8 covers the range from 0.0001 p. p. m. 
(dcte(»table effc'ct) to I p. p. m. (essentially optimum). A concentra¬ 
tion of about 0.03 p. p. m. yields half-maximum growth, whereas 0.1 
p. p. m. gives 80 to 90 pemnt of the maximum effect (fig. 5, insert). 
Th(' concentration ranges for molybdenum and vanadium are prac¬ 
tically identical, but, as reported jpreviously (13), the latter element 
gives only about two-thirds of the maximum growth produced by 
molybdenum. The differences between the effects of the two elements 
at the lower concentrations tend to become somewhat smaller, 
especially when culturing with less pure sucrose. Bortels (8) has 
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reported very similar concentration ranges for his strains of A. 
chroococcum and A, vinelandii, especially at the upper ranges that 
have been studied most. His optimum concentration of vanadium 
appears to be somewhat less than that of molybdenum, and he 
observed toxicity with about 1 p. p. m. of vanadium. In the writers' 
experiments, no toxicity was observed at several times this concen¬ 
tration. In earlier work in this laboratory, in which the Warburg 
manometric technique was used for growth-rate studies of A, trine- 
landii V-1, a much lower and narrower effective range of molybdenum 
was obtained (0.000003 to 0,0001 p. p. m.). More recent experiments 



Figure 5. —Total nitrogen fixed by 6-day-old cultures of Azotobacier chroococcinn 
B-8 as a function of the concentration of molybdenum or vanadium: Curve I, 
molybdenum with 2 percent sucrose 2; ciirve II, molybdenum with 2 percent 
sucrose 1; curve III, vanadium with 2 percent sucrose 2; curve IV, vanarlitim 
with 2 percent sucrose 1; 0-0, a replot of curve 11 after correction of total 
nitrogen for molybdenum impurity (b-a). 


with the Warburg tcclmiquc have indicated some* shifting and broad(»n- 
ing of this concentration range. A, irinelandil V-1 and A, chroococcum 
B-8 respond similarly. As might be expected, a lower conccuitration 
of molybdenum is required for the maximum rate* of growth of young 
well-aerated cultures than for the maximum total growth of unaerated 
long-time Erlenmeyer flask cultures. 

Age itself influences the effective suboptimal concentration range 
of molybdenum, as is shown for Azotobacier chroococcum B-8 in figure 
6. Although the minimum con(xnitration of molybdenum required to 
give an effect is about the same for both 1- ancl 6-day cultures, the 
optimum concentration for the fonner is 0.01 or less of that for the 
latter. The concentration yielding half-maximum growth is likewise 
shifted from about 0.0013 p. p. m. of molybdenum for the younger 
cultures to about 0.03 p. p. m. of molybdenum for the older ones. 
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It has been shown (table 2 and fig. 3) that most strains of Azotobacter 
vinelandii tested wore able to fix one-third to two-thirds as much 
nitrogen in the purest obtainable media as in media with molybdenum 
added. It might be expected from this that these organisms utilize 
the molybdenum so much more efficiently that a very Tow concentra¬ 
tion would yield maximum growth, but the tabulation given below 
shows that this concentration is only slightly if at all lower than the 
1 p. p. m. required by A, chroococcum B-8. In the light of these data, 
one might question whether molybdenum should be considered essen¬ 
tial for such organisms as A. vinelandii B-G. This could be definitely 



determined, however, only by using media free from all traces of this 
element. 

The effective concentration range of molybdenum for Azotobacter 
vinelandii B-6' (5-day cultures) follows: 


Mo added (p. p, in.): 

0.0 . 

0.00001 _* . 

0.00003.. 

0.0001_ 

0.0003_ 

0.001_ 

0.003.. 


Total \ fix fit (mg. 
per too cc."i 

17. 1 

18. 4 
17. 2 

19. 7 

20. 5 

21 . 2 
24. 5 


Mo added (p. p. in.) 


Total Nfiled (mg. 
per too cc.) 


0.01 

0.03 

0 . 1 . 

0.3. 

1 . 0 - 

10.0 


26.4 
29.2 

32.4 

31.6 

32.6 
33. 1 


RELATION OF IRON TO MOLYBDENUM EFFECT ON NITROGEN FIXATION BY 

AZOTOBACTER 

Burk, Lineweavorj and Homer (17, 18) showed the importance of 
humic acids as carriers of iron for Azotobacter. Later, Homer and 
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Burk {2S) worked out the effective concentration range of iron for 
Azotobader vinelandii (0.02-0.5 p. p. m.) and also reported an apparent 
effect of molybdenum from traces present as impimties in certam iron 
salts and humus preparations. TMs effect ha^ previously been 
thought to be due entirely to iron stimulation. Since the si^ficance 
of molybdenum in the nutrition of Azotobader was not fufly appre¬ 
ciated at that time, the cultures were as a rule suboptimal with re¬ 
spect to molybdenum. It remained for Bortels (il) and Krzemien- 
iewski and Kovats (SO) to show that both elements must be present 
in optimal amounts to produce maximum growth of tliis organism. 
Some 5 to 10 timcte the optimal iron concentration previously reported 
by the writers was found necessary in the presence of adequate molyb¬ 
denum. Work at tliis laborato^ has confirmed these findings. 
Table 3 indicates that any suboptimal concentration of molybdenum 
allows a certain limit for giowth beyond which it is not raised by 
increasing the concentration of iron. Likewise, with suboptimal iron, 
increasing concentrations of molybdenum arc only partly effective 
until the concentration of iron is raised. There is also some indication 


from table 3 that the relative suboptimal concentration effects of 
molybdenum and iron differ to some extent for A. vinelandii V-l and 
A. chr^oecum B-8. Bortel’s work also indicates such differences 
betwym his strains. 

T/ble 3. —Effect of molybdenum in Atotobacter cultures supplied with high and 
T low concentrations of iron 

i I Figures are for 106 ec. of eulturt ] 


Tofal mtrogeii fixed by— 


Tract* eleinenf supplied i | 

I A. tnnelandii y I A. chrottcncciim li-S 

I (5 days'- with— fl3 days) with— 


Mo j Fe * Olucost* ! Sucrose I (Jlucose Siktosc 1 

__ i_ > I __ 

P p. w. P. p. m. Mg. Mg. Mg. Mg. 

0.0002 2. . ... 0 2 0 51 . 0 98 .. 

0.0012 2 . .... .2 . ... 2 SO . . . U 45 

4.. 2 6 K7 3.01 7 67 10.0 

0.00022 . . 4 , 65 . .85 . . 

0.0012 2 ; ___ 4 . 6.08 . 3 38 

4. . 4 19 6 16 1 22.8 26 7 

1 Iron was supplied as FeSO 4 * 7 }Ia 0 . 

2 No molybdenum added, but this concentration of Mo (or V) Is estiniateti to be present in tht* medium. 


Kovats {^9) has shown conclusively that different preparations of 
soil humate may vary markedly in the percentage of available molyb¬ 
denum. The relatively liigh concentrations of the humates employed 
furnislied optimum iron in all cases unless they were heated with 
hydrocMoric acid (HCl), which apparently largely dissolved out or 
inactivated the iron of the humates (or their ash) without significantly 
affecting their molybdenum content. It is now known that in the 
early work at thfa laboratory the medium was deficient in available 
iron, and the strain of Azotobader employed was one that at times has 
been observed to fix considerable amounts of nitrogen with mere 
traces of molybdenum in the medium. It is not suprising, therefore, 
that the preponderant influence of iron in the humates overshadowed 
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the effect of molybdenum. Bassalik and Neugebauer (S) have criti¬ 
cized this early work because they were unable to confirm it fully. 
They obtained greater effects with soil extracts than with a variety of 
iron compounds and suggested that the molybdenxim- content ac¬ 
counted for the difference. The quantity of nitrogen fixed by their 
cultures was too small to permit definite condusionsi but their sug¬ 
gestion is essentially confirmed by the writers’ latest work. 

Birch-Hirschfeld (5) found that either soil extract or 5 to 250 p. p. m. 
of molybdenum (0.06 p. p. m. was nearly optimum) gave the same 
increase in nitrogen fixation by sh^en Erlenmeyer flask cultures of 
Azotobacter chroococcum, but that in growth-rate experiments with 
the Warbuig technique only the former was active. The ash of 
SOU extract behaved like molybdenum. The activity of the soU ex¬ 
tract on the growth rate was attributed to the organic fraction; and 
the effect on the ultimate nitrogen fixation, to the molybdenum con¬ 
tent. Previous results obtained at tliis laboratory would indicate, 
however, that the apparent effect of the organic fraction may be 
due to the more available iron adsorbed in the organic complex. 
Ready avaUabUity is of course much more important in growth-rate 
studies than in experiments lasting several days. The faUure of 
molybdenum to stimulate the rate of growth in Birch-Hirschfeld’s 
experiments with the Warburg technique may be attributed to im¬ 
purity in the medium, which was sufficient for these cultures but not 
for the heavier Erlenmeyer flask cultures. This is evidenced by the 
fixation of about 10 mg. of nitrogen per 100 cc. in the absence of added 
molybdenum or soil extract. 

RELATION OF OTHER ELEMENTS TO NITROGEN FIXATION BY AZOTOBACTER 

The problem of determining whether additional trace elements are 
required by Azotobacter largely resolves itself into a study of strain 
variation and purity of the media. These factors, which are likely to 
vary with the investigator, prevent adequate comparisons and 
generalizations. Schroder (34) has shown the most remarkable 
insufficienev of molybdenum for scA^eral strains of Azotobacter chroo- 
cocevm. When the medium was prepared with distilled water, it was 
necessary to add molybdenum, zinc, copper, tim^ten, and silicon, 
but when tap water was used the tungsten and silicon could be 
eliminated without a decrease in growth. Bortels {11) has reported 
some rather inconsistent results, where at times he found that the 
addition of manganese or silicon or ^th was necessaiy to supplement 
molybdenum or vanadium for ma.ximum nitrogen fixation; at other 
times manganese and silicon pro<luced no response. Surprisingly 
enough, he attributes these variations largelv to the effects of weather. 
Flieg {kl), on the other hand, showed with crude cultures of Azoto¬ 
bacter that of 18 trace elements added, only the elimination of molyb¬ 
denum or iron resulted in significantly decreased growth. The absence 
of molybdenum had less effect than when iron was omitted, probably 
because vanadium was still present in the medium. 

The earlier work at this laboratory to determine the possible sub¬ 
stitution of other elements for molybdenum, in which Azotobacter 
vinelandii V-1 and the Warburg technique were chiefly used, gave no 
indication of replaceability of molybdenum at a concentratiem of 
10 p. p. m. or less by any of 21 elements tested except vanadium. 
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Bortels {8) has, however, reported some effect of tungsten in certain 
cases, and Krzemieniewski and Kovats (SO) have shown that tungsten 
in relatively greater concentrations will replace molybdenum to a 
considerable extent in its effect on A. chroococcum. 

The results of the writers’ recent tests of the effects of manganese 
and tungsten are given in tables 4, 5, 6, and 7. 

Table 4 shows no appreciable effect of 0.01 to 1.0 p. p. m. of man¬ 
ganese in the presence or absence of added molybdenum for three 
strains, exceptor an approximately twofold effect on Azotobacter 
chroococcum without molybdenum. With so little growth this 
is jhardlyy^gnificant. 

Table 4. — Effect of manganese on nitrogen fixation by Azotobacter 


[Duration of exijcriniont, 5 days; energy source, 2 iK*rcent sucrose] 



Nitrogen fixed with indicated amount of manganese (p. p. m.) 

8()ecies and strain 

Without molybdenum 

With 1 p. p. m. of molybdenum 


0 

0.01 

0.1 

1 

1 

0 

O.Ol 

1 

Azotobacter chroococcum B-«- . 

Mg. 

1.25 


Mg. 

Mg. 

|.42 

Mg. 1 
26.5 

Mg. 

Mg 

28 3 

Do_ -- . 

Azotobacter vinelandii 

1.39 

1 21 

! ■ ■ 

1.32 
1.21 

“V 




Azotobacter tinelandii BS 

17.10 

1 18 .*50 

-- 

tT 

\ 32 6 

34.0 

30.8 


Table 5 compares the effects of equal concentrations of molybdeuium, 
vanadium, and tungsten on relatively old cultures of two strains. 
At a concentration practically optimum for molybdenum or vanadium 
(0.5 p. p. m.) tungsten is seen to have but slight eff(‘ct on total nitrogen 
or on ratio of nitrogen fixed to sugar consumed for A. nnelandii V~l, 
and no positive effect for Azotobacter chroococcum B“8. Vanadium, 
on the other hand, at the same concentration gives about 60 to 75 
percent of the effect of molybdenum on both growth cnU'ria for the 
two organisms. 


Table 5. — Effect of molybdenum^ vanadium^ and tungsten on nitrogen fixation by 

Azotobacter 




Element Bd<led 


Sugar 

N fixed 





Total 

P<T gram 

Exjieriment No. and .species and strain 

Age 



nitrogen 


of sugar 



.S.\ nibol 

Amount 

in 100 cc. 

in 100 cc. 

con¬ 

sumed 

KxiMTiineiit 1 

Daijs 


P. m. 

Mg. 

dm. 

Mg. 


19 

_ 


5.4 

\ 1 66 

1 ^ 

Azotobacter vinelandii VA . 

m 

19 

Mo 

V 

0.5 

.5 

24. 5 
18.1 

2 37 
2.42 

i 10 

! 7 



Wi 

.5 

6.8 

1.00 

1 4 


33 



4 7 

! .02 

i 8 

Azotobacter chroococcum B-8 . 

33 

3.3 

Mo 

V 

.5 

IIJ 

35.8 

27.6 

2.09 

2 11 

! 17 

13 


33 

W j 

‘.5 

2.7 

.35 

8 

Exiierimnnt 2: 

19 



1.3 

.42 

3 


19 

Mo " 

l.Ot) 

30.8 

1.90 

16 

Asedobacter chroococcum B~8. 

19 

19 

V 

JSIo 

1 00 
001 

10.6 

4.4 

1.95 

.71 

10 

6 


19 

V 

. ixn 

?.7 

.75 

5 


19 

(2) 

. 

4.0 

.64 

0 


* Tmiggtcn was added as tungstic acid neutralized with NaOU. 

* The energy source In this culture was 2 percent of sucrose 1, which supplied 0.0012 p. p. tn. of Mo (or V); 
the remaining culture.s of experiment 2 had 2 percent of sucrose 2; all cultures in experiment 1 had 2'.5 percent 
ofaueroeeU 
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Wlien much higher concentrations of tungsten are employed, as 
shown in table 6 , the growth of Azotobacter chroococcum B ~8 and C -4 
was highly stimulated in the absence of molybdenum but not in its 
presence. The total nitrogen of the A. chroococcum B -8 cultures was 
increased about 13 times, or to 15.8 mg. per 100 cc., by 50 p. p. m. of 
tungsten. Tliis is highly indicative of a spurious tungsten effect 
caused by JtrAces of molybdenum in the tungstic acid employed. 



6 .— Effect of high concentrations of tungsten on nitrogen fixation by 
Azotobacter * 
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I 
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1 Cultures aff<*r 0 days; energy sourexs 2 percent of sucraso 3, tungsten a<lde(l as tungstic acid 

neutrahred with N’aOH. 


Table 7 gives the results of an expt^rimont in which four different 
compounds of timgstf'n were tested, at several concentrations up to 
250 p. p. rn, of tungsten, for their effect on nitrogen fixation by the 
two strains of Azotobacter chroococcum. One of these compounds is a 
sodium tungstate salt that had been commercially purified by the 
Folin nu'thocl to remove molybdenum impurities. It is seen that this 
salt, even in a concentration of 250 p. p. m. of tungsten, caused no 
significant improvement in the growth of either strain, whereas the 
other three compounds all gave variable but marked stimulation; the 
potassium timgstate in con(*entrations of 10 to 50 p. p. m. of tungsten 
yielded the maximum growth normally obtained with 1 p. p. m. of 
molybdenum. Quantitative chemical analyses of these tungsten 
compounds for molybdenum by the Folin and Trimble method {22) 
gave the following results: Sodium tungstate (Na 2 W 04 . 2 H 20 ) (Folin), 
negative «().001 perc(*nt); Na 2 WC) 4 . 2 H 20 , 0.014 percent; tungstic 
acid (H 2 WO 4 ), 0.034 percent; and potassium tungstate K 2 WO 4 . 2 H 2 O, 
0.125 percent. The indicated impurity in the Folin-purified salt 
may well have been considerably less than the minimiun given. The 
limit of the test was not accurately determined, but this compound 
gave an absolutely negative test on a sample several times greater 
than those of the other compounds. PVoni the analyses of the differ¬ 
ent compounds just given, the amomit of molybdenum furnished by 
each concentration of tungsten added was estimated and is given in 
table 7. The amount of nitrogen fixation obtained with the two 
strains is nearly equal to but slightly higher than that to be expected 
from the quantities of molybdeniiin impurity added. Hence, the 
chief effect from the tungsten compounds is undoubtedly due to 
their molybdenum impurities. These results also strongly indicate 
that the marked stimulation caused by sodium tungstate of nitrogen 
fixation by A. chroococcum^ reported by Krzemieniewski and Kovats 
(SO), was the result of molybdenum impurity. 

475670--42-2 
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Tablx: 7.— Effect of tungsten compounds containing various amounts of molybdenum 
as impurity on nitrogen fixation by Azotobacter 

[Energy source, 2 percent of sucrose 3] 
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50 

.016 


14.1 
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i 
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. 
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10 

50 

.026 

,125 
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1 

25 8 

30 7 
31.5 

26.2 

28.0 


250 
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29 1 

29.6* 


1 Analyzed after 6^ys. 

2 Analyzed afte^ da/s. 

«This compm^d of tungsten is a commercially purified salt prepared according to the method of FoUn 
to remove m^Jr^denum impurities. The other coniiiounds are customary c. p products. 

SUMMARY 

Pheinflucnceof i^c^bdenuin and vanadium on nitrogen fixation by 
'several strains of Azotobacter grown in nonaerated solution cultures 
. was studied. 

Eight strains of Azotobacter chroococcum and one of A. mnelavdii 
showed a tenfold to thirtyfold increase in nitrogen fixation following 
additions of optimum molybdenum. Two strains of A. agile and three 
of A. vindgndii showed only a twofold effect of molybdenum because 
of s^l^er fixation in its absence. Maximum nitrogen fixation with 
optimum molybdenum wns, witli few exceptions, of the same order 
of magnitude for all strains tested. Usually tliis element slightly 
increased the nitrogen content of the cells. 

The quantity of nitrogen fixed per unit of carbohydrate consumed 
was usually twofold to threefold greater for the Azotobacter chroococcum 
cultures following additions of molybdenum; with the other organisms 
efficiency was improved to a lesser extent. In the A. chroococcum 
cultures not supplied with niolvbdenum’ very little more nitrogen was 
fixed after an incubation period of 31 days tmn in 1 week, and usually 
50 to 75 percent of the sugar supplied remained unconsumed. 

, Various samples of sugars supplied about 0.0002 to 0.001 p. p. m, of 
molybdenum or vanadium impurity when added to media at a con¬ 
centration of 2 percent. This impurity could be partly removed by 
filtering through charcoal or by recrystalli/ation from alcohol. 

The effective concentration range for molybdenum and vanadium 
was found to vary from 0.00001 or 0.0001 p. p. m., which gave a detect- 
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able effect with Azotobacter chroococcumf to about 1 p. p. m., which 
gave maximum growth in 6 days. With younger cultures the range 
was appreciably narrower, 0.005-0.01 p. p. m. giving maximum 
growth for 1-day cultures. The concentration range for vanadium 
was approximately the same as for molybdenum, but the maximum 
eflFect was only 50 to 80 percent of that produced by molybdenum. 

Experiments dealing with the relation of other elements to molyb¬ 
denum confirmed the work of previous inves%ators in showing tnat 
both iron and molybdenum must be present in optimum concentra¬ 
tions for maximum growth and fixation. Manganese had no appreci¬ 
able effect oil Azotomcter in the presence or absence of molybdenum. 
Relatively high concentrations of unpurified tungsten compounds 
were effective as partial substitutes for molybdenum, but this effect 
could be correlated with the amount of molybdenum present as 
impurity in these materials. 

The essentiality of molybdenum or vanadium for nitrogen fixation 
by many strains of Azotobacter seems to be established by the experi¬ 
ments reported here. Its essentiality for other strains that fix con¬ 
siderable nitrogen in media containing only traces of these elements 
is, of course, still open to question. 
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EFFECTS OF SOME MILD FORMS OF MOSAIC ON 
POTATO AND A FEW OTHER PLANTS* 

By Winona E. Stonb 

Astislanl plant pathologist, Vermont Agricultural Experiment Station 

INTRODUCTION AND HISTORICAL REVIEW 

In nearly all work done on the many different types of mosaic 
attacking a variety of hosts the more devastating types of mosaic 
and the hosts of greater commercial importance have commanded 
most attention. 

The reports of the many investigators of the effects of mosaic 
on the leaves vary with the hosts and types of mosaic. While Smith 
(16)’^ found the yellow parts of mosaic leaves of Datura stramonium 
thicker than healthy leaves, in Phytolacca decandra she found the yel¬ 
lowed leaves to be thinner. Schaffnit and Muller (16) report mild 
mosaic spots thinner than normal green parts. Melchers (14), working 
with potato, Iwanowski (12), witli tobacco, and Dickson (5) found the 
proportion of thickness in light and dark areas approximately 2:3. 
Although Woods (22) makes no numerical comparison of leaf thickness 
he describes the diseased tissues of the tobacco leaf as consisting of 
closely packed spongy pareuclwma, probably resulting in decreased 
leaf thickness. According to Cook (4), different parts of the same 
healthy leaf vary in thickness; and comparisons of leaf thickness must 
therefore be based on many measurements and expressed in very gen¬ 
eral terms. Certainly where the palisade is much shortened, cuboidal, 
or undiffer(*ntiat<*d and the intercellular spaces are smaller than 
normal, tluTe can Ix' little doubt as to the decreased thickness of the 
yellow part s of mosaic leaves (1). Probably all deviations from normal 
in the yellow parts of leav(>s should not be ascribed to virus. In 
rugose mosaic, and at times in mild mosaic, the green parts of affected 
leavi's are thicker than the healthy leaves (16). 

Again, in the matter of size and number of chloroplasts and amount 
of starch present authoi-s disagree. Cook (3) found in sugarcane and 
tobacco, WVsterdijk (21) in tomato. Smith (16) in Datura stramonium, 
and Hoggan (11) in a number of solanaceous plants a reduction in 
both size and number of chloroplasts in areas affected by mosaic. 
On the other hand, Dickson (5), Woods (23), Melchers (14), Iwanowski 
(12), and Smith (16) noted in various plants a reduction in the number 
but not in the size of chloroplasts in affected leaves. These infections 
wore probably light, for Dickson (5) states that reduction in number 
precedes reduction in size, and slightly affected plastids show reduction 
only in chlorophyll. Yet Smith (17) mentions reduction only in 
number of plastids in cells so seriously affected that walls were rup¬ 
tured and nuclei were disintegrating. 

To complete the series of possible variations in chloroplast response 
to the presence of virus, Doolittle (6), working with cucumber. Cook 
(4) with tobacco and tomato, and Clinch (2) with potato, found a 
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reduction in size of plastids but not in number. Melclicrs { 14 ) found 
no difference in number or size of chloroplasts in tomato. 

Some investigators believe that the chloroplasts in mosaic leaves 
gradually degenerate and disinte^ate. Koning {IS) found this to be 
true in tobacco, Dickson {6) and Eckerson {8) in tomato, Sorokin {19) 
in tomato, and Hoggan (ll) in potato in V(‘ry severe cases. Hoggan 
{11) admits degeneration of plastids only in extreme infections, and 
Dickson (5) mentions degeneration as one of the several effects of 
mosaic on leaves. Cook (4), however, thinks that any d(‘generation 
of plastids which others may have observed should be attributed to 
old age or to causes other than the mosaic virus. Goss and Peltier {10) 
believe that degeneration is not consistent with the re(‘Overv or mask¬ 
ing so generally observed at 20° C. and above, for which Cook {4) sa^^s 
increase in size and number of chloroplasts is responsible. 

Iwanowski {12) found chloroplasts in mosaic tobacco Avell filled 
with starch, as did Clinch {2) in the potato. Westerdijk {21) found 
little starch in yellowish plastids of tomato. Dunlap (7) found 40 
percent as much starch in mosaic tobacco as in healthy tobacco, with 
small difference betw(‘en the yellow and green regions of ilw former. 
In mosaic leaves starch was more readily converted into simph» com¬ 
pounds. Goldstein (S) found no starch in plastids of mosaic tobacco. 
Stone {20) determined the lower carbon-fixing and starch-storing 
ability of mosaic-infected potatoes. 

The nucleus is often mentioned in connection with the bodies some¬ 
times associated with the presence of mosaic virus, but tlu' fact that 
few references have been made to variations in nucl(‘i in mosaic leaves 
probably indicates that they are not so readily affect(‘d as chloroplasts. 
Cook (3) examined nuclei of sugarcam^ and tobacco and n‘por((‘d no 
reduction from normal. 

METHODS 

Study was concentrated for the most part on an important host, the 
potato {Solanum tuberosum L.), but the mosaic inf(*cting it was a V(‘ry 
mild and relatively harmless type. Emphasis was plac(‘d on the re¬ 
sponse of the plants to the virus rather than on the* i(I(uitification of the 
virus. Solatium virus 1 was probably present in both the dis(*ased and 
the so-called healthy potato plants since, according to Smith {18), it 
is almost universally present in the commercial stocks of America 
though not always apparent. The virus, which in combination witli 
Solanum virus 1, produced the symptoms s(‘en in th(‘ diseased plants, 
may v(‘ry well have been Solarium virus 3. Groundcherry {Pln/salis 
sp.), raspberry, and blackberry {Ruhus ssp.) infected with mosaic W(‘re 
studied in less detail. No attempt was made* to id(uUify th(‘ viruses 
concerned in these plants. The infections an* n^fem’d to as mild forms 
in a g(‘nera] sense. 

Plants for the investigation W(»re obtaiiu^d from sc'veral sources. 
The field of a market gardener furnish('d st^veral mosaic Early Rose 
potato plants, and another field supplied many mosaic Green Mountain 
plants. The other mosaic and healthy plants were' grown from S(‘ed 
potatoes obtained in the market, somt* local and uncertifi(‘d, som(‘ from 
Maine. Healthy plants were obtained from the latter source* only. 
Successive plantings wen* made beginning in early June. At all times 
healthy and mosaic plants used for examinatiorl or for fixation were 
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grown out of doors and matched as nearly as possible in age, water 
supply, light supply, cultivation, and variety. 

Fixed and stained material was used for the most part since many 
of the comparisons to be made were favored by uniform thickness of 
sections, ^harpness of detail brought out only by staining, and the use 
of pieces too small to be satisfactorily handled as freehand sections. 

Fixations were made with Flemming^s medium and Alienas Bl5 
solution. A fast green-safranine stain Avas used in most of the work, 
but was supplemented by iron haematoxylin in some cases. Fast 
green-safranine gives good contrast in a healthy cell, chloroplasts 
appearing brilliant red, cytoplasm pink, nuclei a greenish blue withred 
nucleoli, and walls a sharp green. The starch does not stain so the 
gi-ains appear as white spots in 11 h‘ chloroplasts. 

Depending on the size of the tissue or organ to be examined, drawn, 
or measured, 20X or 15X eyepieces and 40X or 60X objectives were 
used. Drawings were made with the aid of a camera lucida and meas- 
urc'inents w(‘re taken with a calibrated, movable-scale eyepiece 
microm(‘ter. 

EFFECT OF MOSAIC ON POTATO 

LEAP MEASUREMENTS 

As stall'd, the mosaic was a mild type, and it was to be expected that 
the effects would be correspondingly slight. A series of measurements 
w^as made on one set of leaves, taken from thi* same diseasi'd and the 
same healthy plants all of one variety (upper section, table 1). Al¬ 
though a decrease in thickness in diseased leaves is progressive, the 
amount is slight and does not approach the 2:3 ratio which is said to 
occur in more severe types of mosaic. 

Table 1. Thichmss of leaves and palisade layers in mosaic and healthy plants of 

one variety 

AVERAIJE ON FIRST SET OF LEAVES 


Plain 


Mosaic 

Y'cUow part of leaf .. 
Ort'cn [larf of leaf 
Healthy .. 


(COMBINED AVERAOE ON FIRST SET 


Mosaic 

Vcllo>^ pai t of h'af 
(Jrcen part of leaf 
Healthy , . 


Palisade 


1 i 

' thickness 

I Thickness 

Total leaf 
thickness 

' Micr&ns 
i 187 

190 

1 197 

Micronn 

02 ! 
08 1 
08 i 

Percent 
\ ^ 

1 30 

3.5 

AND LEAVES FROM RANDOM 

PLANTS 

175 

.58 


181 

04 

35 

190 

07 

3.5 


The measurements on the first set of leaves were averaged with 
measurements on leaves from 7 other plants taken more or less at 
random, making a total of over 300 nieasurements (see lower section, 
table 1). The paler parts of the mosaic leaves were only 8 percent 
thinner than similar healthy leaves and only 3 pert^ent thinner than 
adjoining green parts. In tliose leaves that were most nearlv matched 
the pale parts were only 5 percent thinner than the healthy leaves and 
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1.5 percent thinner than the adjoining green parte. Figure 1 shows 
an exceptionally pronounced example of decrease in leaf and palisade 
thickness in yellow parte of mosaic potato leaf. 

The palisade colls in mosaic loaves appear to have developed to 
their normal length. The 2 percent difference in proportion of total 
loaf thickness occupied by the palisade layer in mosaic yellow and 
normal leaves certainly is not striking. 

Groups of mesophyll cells from nine mosaic and healthy leaves were 
drawn with the aid of a camera lucida and the amount oi intercellular 
space in a given area was determined by a planimotor as follows: 
Yellow mosaic, 16 percent; green mosaic, 13 percent; healthy, 11 



Figure 1. —Sections of potato leaves: Ay healthy; B, mosaic. (X^riO). 

percent. In general, the sections of healthy leaf mesophyll showed a 
smaller area in intercellular spaces than did those of diseased leaves. 

SIZE AND NUMBER OF CHLOROPLASTS 

Since mosaic is evident as a variation in the amount or shade of 
green in a leaf it is logical to expect some microscopic differences in the 
chloroplasts of leaves attacked by mosaic. The pale color of mottled 
leaves obviously may be the result of one or more conditions: viz, a 
subnormal amount of chlorophyll in each plastid, smaller plastids, or 
fewer plastids. No attempt was made in this study to determine the 
comparative amounts of chlorophyll in the plastids of pale and green 
leaf parts. 

The tendency of normal plastids is to occupy all available space 
along the wall surface of mature cells so completely as to appear 
angular from mutual pressure (fig. 2, A), Plastids of diseased colls, 
being not only smaller but also less numerous, are so distributed as to 
appear rounded (fig. 3). 

Samples were taken of a series of mature leaves from a plant in 
which the yellowing caused by mosaic became progressively more 
pronounced. Samples from matched leaves of a healthy plant were 
fixed and stained under the same conditions. Table 2 gives the 
results of the measurement of chloroplasts from these leaves. 
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Table 2. —Size of chloroplasts in a series of healthy and mosaic leaves showing 
simultaneous increase in degree of yellowing and age' 


Leaves of increasing age 

Average di¬ 
ameter of 

1 chloroplast 

Comparison of chloroplast size 

1 

Slight yellowing: 

Yollowpart.. - 

Green part.-. 

Healthy. . .-.. 

l^ronounced yellowing: 

Yellow part.-. 

Green part... 

Miaons 

3.73 

3 97 
4.13 

2.89 
3.39 
4.48 

1.47 
2.12 

3 87 

Percent 

9.7 less than healthy. 

3.9 less than healthy. 

3/5 less than healthy. 

24 less than healthy. 

fi2 less than healthy. 

4/5 less than healthy. 

6 less than youngest healthy leaf. 

Healthy. .. 

Severe yellowing: 

Yellow part. . - - - 

Green part-- - - 

Healthy .. — - .. - 


The 6 pereemt decrease in the size of the healthy leaf chloroplast 
indicates a gradual, slight effect of age on the plastid. However, the 
size of the plastids in the yellow and green parts of mosaic leaves 
decreased 61 and 47 percent respectively. No doubt age takes a 
heavi(^r toll on chloroplasts that are ah*eady weakened by mosaic. 
The chlorojilasts of the green parts of the mosaic loaves are more 
susceptible to aging than those of a healthy leaf. The difference in 
size of healthy and diseased plastids is noticeable in all the accom¬ 
panying text figures. 

Chloroplasts applied to cell walls were measured in mosaic and 
luMilthy potato and tomato leaves. Table 3 shows the length and 
width of these chloroplasts. 


Table 3.- Size of elongated chloroplasts in cells of healthy and mosaic leaves 


Plant 

1 

Length of 
chloroplast 

Width of 
chloroplast 

Plant 

Length of 
chloroplast 

Width of 
chloroplast 

Potato. 

Mo,saic. 

Healthy.1 

Microm 

75 

4 tm 

Microns 

1 69 

1 89 

Tomato: 

Mosaic.. 

Healthy. 

Microns 

5 13 
5.80 

Microns 

1 98 

2 43 


There are several ways of stating the number of plastids in diseased 
and healthy cells. A set of six plants, mosaic and healthy, was used 
for one determination of plastid number per cell. Only palisade 
cells were drawn, together witii their plastids. The average number 
of plastids per cell was as follows: In yellow parts, 41; in green parts, 
47; and in healthy leaves, 53; that is, the palisade cells of the yellow 
parts contained about 13 percent fewer plastids than the adjoining 
green parts and 23 percent fewer than healthy leaves. Cai’e was 
taken to match healthy and diseased plants both in age and environ¬ 
ment. The differences appearing in size and number of plastids in 
this set of plants may therefore be considered significant. 

Another manner of expressing and compaiing plastid numbers is 
in terms of a unit of area. The areas of a block of cells drawn with 
the aid of a camera lucid a were measm'ed by means of a planimeter. 
The plastids in these areas were counted and the number of plastids 
per 100 cm.^ of cell area as it appeared on the drawing paper was 
computed. Eight samples gave the followmg results: 
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MosaiC potato: PlasHds per lOO »g. cm. 

Yellow part of leaf__ ___238 

Green part of leaf_ __ _ _225 

Healthy potato__ __ _ __ 192 

In tht^ process of fixation the palisade cells of diseased leaf sections 
seemed to contract somewhat so that the edges of these cells were 



Figure 2.- Sections of healthy potato) leaf showing condition of chloroplasts and 
starch: A, at 9 a. in.; H, at 4 p. in.; and C, after 20 hours of darkness. X 500. 




Figure 3.- Sections of yellow part of mosaic potato leaf showing condition of 
chloroplasts and starch: A, At 9 a. m.; B, at 4 p. in.; and C, after 20 hours of 
darkness. 8X500. 

fluted. Tnis condition might- affect the area of the palisade cells, 
but it would not influence the total number of plastids within each 
cell. However, it might account for the seemingly high plastid count 
in unit areas of diseased leaves. 

Still a third way of comparing plastid quantity is in terms of area 
of plastids. If diseased plastids are much smaller than healthy ones, 
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they will furnish less working capacity even though they are more 
numerous. Table 4 gives a comparison of plastic! size and area of 
plastids per 100 cm.^ in all samples taken, drawn with camera lucida 
at 1660 X magnification. 


Table 4 .—Comparison of plaslid area in a given area of leaf cells of mosaic and 

healthy potatoes 


Plant 

Chloroplasts 

Diameter 

Area 

Per 100 
cm.* of cells 

Area iwr 100 
cm.* of cells 

Mosaic 

Yellow part of leaf.. . 

Ormi part of leaf... 

Healthy .- . 

Mierms 

2 K 
.3.2 
3.9 

Square microns 
6.2 
8.0 
11.9 

Number 

226 

208 

201 

Square microns 
1,395 
1,604 
2,392 


Though by this crit(irion the number of plastids in a given area 
is 12 percent greater in the yellow parts, individually they are only 
about half as large in area in the yellow parts, with a total area only 
58 percent as great as that of the plastids in a corresponding area of 
healthy leaf tissue. This situation is brought out in figures 2 to 5. 

ThtTe are two striking differences between mosaic-infected and 
healthy plastids as seen in a stained section: (1) The smaller diam- 
(»ter of the mosaic plastids, especially in the yellow parts; and (2) the 
1 ‘eaction of mosaic plastids to the safranine stain (fig. 5). Healthy 

{ )lasti(ls stain a brilliant n^d while those in yellow areas of mosaic 
eaves and, to a certain extent, those in adjoining green areas do 
not r(»tain the safranine and so merge into the surrounding haze of 
cytoplasm. 

CARBOHYDRATE FIXATION BY HEALTHY AND MOSAIC-AFFECTED CHLOROPLASTS 

If the ])resence of mosaic virus in the cell does not appreciably 
change* the microscoiiic appe^aranci* of an individual plastic! aside 
from its size, its efl’ect may be apparent in the amount of starch 
produced by the plastic!. 

Corresponding leaves on similar mosaic and lu^althy plants were 
chosen to furnish material for study of starch production. In the 
forenoon a gr(*('n and a yellow piece wt^re* cut from a mottled leaf 
and a pi(*ce from the healthy h‘af. These were fixcKl in the same 
vial, being recognized by shape. In the afternoon a similar set of 
piece's was taken from tin* same leaves. The plants were tlum closely 
covennl to exclude light until the time of the third sampling, the next 
forenoon. The three sets of leaf pieces were run through tlie process 
of fixing and embedding simultaneously and mounted in sets made 
up eith(*r of yellow, greem, and healthy pieces at a giv(»n time or of 
yellow, gr(M*n, or healthy pieces at the three different hours. This 
procM'clure prevented variation due to unequal staining and destaining. 
The fast gre(*n safranine stain was used. 

At 9 a. m. healthy chloroplasts contained many small starch 
grains (fig. 2, A). At 4 p. m. the starcli grains appeared to be much 
less numerous but were larger; in fact, often a single starch grain 
so filled the chloi'oplast that the chloroplast itself appeared as a 
heavy ring around the starch grain or as a rim on one side of the 
grain (fig. 2, B). After about 20 hours of darkness, during which 
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the plants were cnvered, much of the starch had disappeared from 
the healthy plastids, some appearing entirely devoid of starch (fig. 2/(7) 
At all hours of sampling the small yellow plastids seemed to contain 
about the same amount of starch (fig. 3). They were never filled to 



Figure 4.—Sections of green part of mosaic potato leaf showing condition of 
chloroplasts and starch: A, At 9 a. m.;B, at 4 p. m.; C after 20 hours of dark¬ 
ness. X 500. 



Figure 5.— A, Cells from green area of mosaic potato leaf showing two sorts of 
chloroplasts in same cell; B, cells from yellow area (left) and adjoining grcei. 
area (right). X 500. 

capacity. Starch grains tended to be small and fairly numerous. 
The slight differences followed the characteristics of the healthy leaf; 
i. e., the plastids in the 4 p. m. samples contained the most starch 
of the three and the plastids in the sample taken after the plant was 
covered contained the least. Translocation seems not to have gone 
so far in the mosaic plastids as in the healthy ones. Green parts of 
mosaic leaves behave much more like yellow parts of the same leaves 
than like healthy leaves. Starch grains are small and numerous, 
never filling the plastid, and translocation appears to be even slower 
than in the yellow parts (fig. 4). 
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SIZE OF NtlCUiUS 

Although the nucleus will usually withstand unfavorable conditions 
as long as any organ of the cell it was thought best to make a series of 
measurements. Since round nuclei are uncommon, two measure¬ 
ments wore taken of each nucleus, length and width, and sizes are so 
exmessed. 

The nuclei of cells in the green and yellow parts of mosaic leaves 
differ little in size, those in the green parts tending to be slightly 
larger. The nuclei of healthy leaves, however, are considerably 
larger, being 42 percent wider and 55 percent longer than the nuclei 
of the yellow parts of mosaic leaves. The upper part of table 5 is 
made up of about 325 measurements. These were combined with 
270 more and the total, approximately 600 measurements, is given 
in the lower part of table 5. 


Table 6. —Average size of nuclei in cells of yellow mosaic, green mosatc, and 
healthy leaves in a series of 9 matched leaf pieces 

BASED ON ABOUT 325 MEASUKEMENTS 


Plant 

_f. 


Mt)saic- 

Yellow part of loaf 
Oreen part of loaf . 
Healthy. 



Width of i 
nucleus ! 

Length of 
nucleus 


Microns 

4.5 

5.0 

G 4 

Microns 

6.7 

6.8 
10 4 

___ ...1 




Mosaic* 

Yellow part of loaf. 
Green part of U'af 
Healthy . 


BASED ON ABOUT 600 MEASUREMENTS 


4.8 7.1 

4.6 7.3 

0.1 9.0 


Table 5 seems to afford sufficient evidence to justify the conclusion 
that the nuclei of healthy leaves are larger than those of diseased 
leaves whether green or yellow. Nuclei in healthy and mosaic leaves 
of (jorresponding ages were measured at diflferent intervals, but there 
was no indication of a decrease in size with increasing age. In fact, 
for the most part the nuchd of older leaves were slightly larger 
(table 6). 

Table 6.-- Size of nuclei in leaves of increasing age, 1 indicating youngest leaf 


Yollow; 

U.. 

2 ... 

3 

Green: 

1 ... 

2 -... 

3.. .. 

Healthy: 

2 .. .. 


3 


Condition and age of leaf 



Width of 
nucleus 

Length of 
nucleus 

Microns 

Microns 

4 18 

6.64 

4.45 

6.80 

4.73 

6.68 

4 . 10 

6.93 

5.32 

7.03 

4.52 

6 28 

6.82 

9.91 

5 92 

10.31 

6.40 

11.08 
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EFFECT OF MOSAIC ON RASPBERRY, BLACKBERRY, AND 
GROUNDCHERRY 

Though the potato has taken the leading role in this series of 
studies, a few other plants were also used. For epidermal studies 
material was taken from raspberry, blackberry, and groundcherry 
{Physalis), The mosaics, mild in form, were unidentified. 

The mosaic raspberry leaves were strikingly mottled but the 
surfaces were smooth. Since the lower epidermis of raspberry is 
hairy and very difficult to detach from the mesophyll only the upper 
epidermis was examined. The upper epidermis may be more af¬ 
fected than the lower or it may indicate directly the effect of the 
mosaic on the lower epidermis. However, many groups of about 
30 epidermal cells each were drawn with camera luciaa, 675 X magni¬ 
fication, and the area of the groups determined by means of a plani- 
meter. The results show the area of the upper epidermal cells to 
be as follows: Mosaic plant, yellow part of leaf, 256 square microns; 
mosaic plant, green part of leaf, 404 square microns; heaves from 
healthy plant, 575 square microns. 

Both the upper and lower epidermis of blackbcuTy leaves affected 
by mosaic of two types were measured. Mosaic leaves of the rugose 
type showed a marked humping of tlie green areas, the yellow areas 
remaining smooth. In general the difference in size of the epidcuinaJ 
cells followed the expected course. The lower epidermal cells of the 
concave surfaces were smaller than the cells on the smooth surfaces, 
but not significantly so. In the upper epidermis, however, the cells 
along the contours of the convex surfaces wth' much larger than thos(^ 
of the adjoining smooth surface. The variation in size in these cells 
may therefore be considered as due primarily to the contours of the 
leaf surface, one of the results of the preseuice of mosaic. 

Table 7. —Comparison of epidermal and guard cells in mosaic and healthg black¬ 
berry leaves 

rugose mosaic 


Leaf 


Mosaic 

Yellow, smooth - ... 

Dark green, puffed. _ 

Healthy .. _ 


Area 


Epidermal cidls 


Up|M‘r 


Lower 


Square Stpiare 

microiift microns 


040 
1,163 
060 


247 

224 

342 


Stomata 


Siptare 

microns 

235 

241 

201 


Stomata 

per 

1(K) lower 
epidermal 
cells 


Stomata 

IHT 

1,(KJ0 ns of 
epidermal 
cells 


Number 

24 

32 

33 


Number 
0 07 
1 40 
00 


MOTTLED MOSAIC 


Mosaic: 





Yellow _ _ 

458 

154 

210 

20 

Green ..... 

544 

179 

190 

16 


Diffcronccs in size of the guard colls in green and yellow areas were 
negligible (table 7, upper section). No stomata were found on the 
upper surface of either mosaic or healthy leaves. The number of 
stomata per 100 epidermal cells was found to be reduced, but in 
terms of number per unit of area, which, after all, is more important 
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from the standpoint of their use to the plant, the yellow areas were 
fully as well equipped as the normal. Again the squeezing together 
of the cells on the concave lower surface of the green parts of the 
mosaic leaf accounts, in part at least, for the increased number of 
stomata in these ares. The reduction in number of stomata in the 
yellow areas may be directly due to the disease. Decrease in number 
of stomata might further curtail the production of starch by reducing 
the amount of carbon dioxide available to diseased plastids. 

Leaves of a second type of mosaic blackberry were mottled but 
smooth throughout. Thus any differences in size of cells may logically 
be attributed to the mosaic virus. Here only mosaic-affected leaves 
were used. The lower section of table 7 shows the results of the 
measurements. 

For the study of groundcherry both normal and mosaic leaves 
were available. The dark green parts of mosaic leaves were only 
slightly convex, if at all, so any deviations from normal or from yellow 
areas may be directly related to the disease. 

The number of stomata was affected in both green and pale areas, 
though to a much greater degi*ee in the pale areas (table 8). Here, 
again, the size of the guard cells remained nearly constant, shovidng 
only a four percent decrease in the yellow area. The epidermal cells, 
on the other hand, showed an average decrease in size of 55 percent 
in the mosaic leaf as a whole. The decrease in the size of the epidermal 
cells in the green areas of the mosaic is surprisingly high. 

Tablk 8 .—Comparison of epidermal and guard cells in mosaic and healthy ground-- 

cherry leaves 


Mosaic. 

PaU* grci'ii. 
Dark grcofi 
Healthy 



! 

Areas in— 


i 1 

1 Stomata | 

D'tif 

Epidermal cells | 

i 

Stomata 

1 1 

! IKT KM) 
lower 
epidermal 
«‘11S 

I ! 


1 Upper I 

I..ower j 


Square \ 
i micrmis 

1 623 

1 632 

1 1. .'MM) 

1 

Square I 
microna 
404 ; 
458 
815 I 

Square 
! microns 
355 
.357 
309 

Number 

13 

23 

1 32 


Stomata 
per 1,000 m’ 
of epi* 
dermal 
cells 


Number 

0.3 

.5 

.4 


SUMMARY 

Width of the palisade layer and thickness of leaf in potatoes are 
little affected by mild mosaic virus. 

In general, intercellular spaces in the diseased leaves of potato are 
larger than in healthy leaves. 

Chloroplasts are reduced in size and number in potato leaves that 
show mild mosaic mottle. 

Chloroplasts in affected areas can be readily distinguished from 
healthy chloroplasts by their staining reaction. 

In chloroplasts of mottled leaves, starch grains are smaller and 
more numerous than in chloroplasts of healthy leaves. This starch 
is not readily removed from the plastids during hours of darkness. 

The nuclei of mottled potato leaves are considerably smaller than 
those of comparable healthy leaves. 

476070—42-fi 
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Cells in the upper epidermis of yellow parts of mosaic raspberry 
leaves are appreciably smaller than those of either green parts of the 
same leaves or of healthy leaves. 

Blackberry leaves affected by rugose mosaic show upper epidermal 
cells in green parts larger than in yellow parts and lower epidermal 
cells smaller than in yellow parts. 

Comparison of size and number of stomata in green and yellow 
parts of the rugose mosaic blackberry leaf shows no consistent differ- 
ence. 

In blackberry affected with mild mosaic, epidermal cells are smaller 
in yellow parts than in green, but stomata are larger and more 
numerous. 

In groundcherry, epidermal cells are considerably larger in healthy 
leaves than in mosaic leaves, but stomata vary little in size or number, 
at least on an area basis. 
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VARIABILITY OF ERODED MATERIAL* 


By C. S. Slater, soil technologist, and E. A. Carleton, assistant soil technologist, 
Soil Conservation Service, United States Department of Agriculture 

INTRODUCTION 

Soils that are subjected to sheet erosion are modified progressively. 
Productivity is decreased, and measiu*able changes may occur in the 
chemical and physical properties of the eroding soil. The changes 
are due in part to the appearance of subsoil in the zone of 
tillage. Other soil changes may result from a selective removal of the 
finer soil fractions by the erosion process. Consideration of the latter 
point has led to speculation as to the relative severitjr of erosion losses 
in relation to quality as well as quantity, and some investigations on 
the variability of eroded materials have been made. 

Middleton, Slater, and Byers (6)* analyzed mechanically the annual 
soil losses from various station erosion plots. They found that the 
texture of the eroded material was finer in some cases than that of the 
corresponding soil and that it varied with the quantity. In practically 
every case the material was shown to be appreciably higher than the 
plot soUs in organic content, but in four soils out of eight the mechani¬ 
cal composition of the soil and its eroded material were much the 
same. These results, therefore, were somewhat at variance with the 
fact that soil organic matter tends to be concentrated in the finer 
fractions. The authors of the paper held that their data were insuf¬ 
ficient to justify final conclusions. 

A more complete study of the mechanical composition of. soil losses 
has been made by Diseker and Yoder (5), using the aggregate analysis 
method of one of the authors. They concluded that— 

In general, soil material is moved layer by layer in the sheet erosion process. The 
relative loss of colloidal material may be excessive under a condition or combina¬ 
tion of conditions which results in small quantities of runoff or in runoff of low 
velocity or both. 

Organic-matter content was not reported. 

Rogers {8) has reported on chemical variations in eroded materials 
in a recent study of plant nutrient losses from the Dunmore silt loam. 
Studies of bacteriological variabfiity have been made by Wilson and 
Schubert {10) and by Norman and Newman (7). 

The present study was started to clarify certain interrelationships 
in the variability of eroded material and, more specifically, to deter¬ 
mine why organic-matter content fails to follow textural analysis. 
The point is important, for otherwise textural analysis slio^d govern 
to a marked degree tlic chemical and physical properties of the 
material, insofar as they differ from those of the parent soil. 

* Rt'coiveti for publication February 25,1942. Cooperative investigations of the Office of Research, Soil 
Conservation Service, U. S. Department of Agriculture, and the New York State Agiicultural Experiment 
Station, Geneva, N. Y. 

* Italic numbers in parentheses refer to Literature Cited, p. 218. 
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This is evident, in part, from a consideration of the inert character 
of sands and sUts. The difficulties encountered in former attempts to 
fractionate soil colloids (2) complete the evidence by demonstrating 
indirectly the inadequacy of rainfall or runoff as agents to fractionate 
the finest soil fractions. Inclusion of organic matter or excessive fines 
in the eroded material causes it to be different from the soil in other 
measurable properties, such as rate of carbon dioxide production, or 
its content of exchangeable bases, but the differences are almost 
certainly due to the mechanical segregation that has taken place. 
Except for organic matter, chemical and textural analyses are in effect 
alternate measurements within the same* range of variability. It 
appears therefore that if the chemical properties of the finer soil 
separates are known, th(^ variability of erosion losses may be judged 
solely by the nature of their organic content and textural composition.® 
General chemical examinations have been omitted from the present 
study. 

EXPERIMENTAL METHODS 

Five plots were available from which eroded material was col¬ 
lected and analyzed. These were l/lOO-acre plots, with metal 
boundaries, 6 feet wide and 72.6 feet long. The plots are fitted with 
devices to intercept and collect all soil and water lost by runoff. 

The plots are located on Ontario loam, a relatively permeable soil. 
Plots 1 and 3 were in red clover (Trifolium pratense) and alsikc' clover 
(T, hybridum)y respectively, during the cours(‘ of the experiment. 
Plot 2 is planted to winter rye (Secale cereale) that is turned under as 
green manure, and lias sufficient cultivation to maintain a summer 
fallow fre-e from vegetation. Plot 4 is planted to soybeans (Soja 
max) annually. Plot 5 is a spaded fallow, with periodic cultivation 
to destroy vegetal growth. 

Sampling of eroded material was accomplished by passing tJie runofl’ 
from each rain through a divider designecl ^ for this purpose by LUiland 
and Woodruff. The use of the divider (uitailed an undue amount of 
labor when a large runoff* was encountered, but it was entindy satis¬ 
factory for the smaller amounts that wcTe usual under local conditions. 
Preliminary experiments had shown that the divider gave reliable 
sampling of local soil losses. 

Mechanical analyses were made by the pipette method. In the 
studies on organic matter some mechanical separations were made by 
wet sieving after dispersion. A combustion furnace was used to de¬ 
termine total carbon, and organic matter was then estimated through 
the use of the conventional factor, 1.724. 

Samples of the plot soils that were analyzed for comparison were 
obtained at random. Six samples were taken from each plot. 

THE DATA 

ANALYSIS OF PLOT SOILS AND ERODED MATERIAL 

Analyses of the eroded material are based on composite samples 
that are representative of a year's erosion. The data, together with 
tlie texural analyses of the plot soils, expressed as averages of six 
random samples, are shown in table 1. Organic-matter percentages 
also are recorded. 

3 The argument is not applicable to losses of applied fertilizers. Granular fertilizers are not inert. 

♦ At the Soil and Water Conservation Experiment Station, Bethany, Mo. 
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The data on 1-year^s eroded materials do not give a measure of the 
degree to which repeated annual data would depart from the textural 
distributions and organic-matter content that are reported. There is 
evidence, however, that establishes a reasonable validity for the avail¬ 
able data in the use to which they are put. The fact that the samples 
of eroded material represent from 16 to 35 individual runoffs, and tliat 
consistent relationships can be shown to exist between the amounts 
of runoff and the distribution of the fractions, assures the authors that 
the major differences exhibited among the eroded materials are not 
accidental. That these differences are due to sorting, and are not 
inherent from similar fraction patterns in the plot soils, is established 
by the fact that the soil-fraction differences between plots do not 
follow through in the eroded material, even though the soil-fraction 
differences were found to be significant and highly significant in the 
cases of sand and silt. 

Tablk 1. — Mechanical analyses of plot soils and of the corresponding material 

eroded during 1 year 

ANALYSIS OF .SOILS 


Plot cover and No 


'rcMurul s(‘paratt‘s (A/w< ) i 

1 

1 

Kctl clover 

; 1 1 



I 


Hyc-lallow 

2 

Alsike 
! 3 

So>l)cans 

4 

FalloN\ 

5 

2(hl.O 

Percent 

2.11 

Percent 

2 30 

Percent 

1 06 

Percent 

1 82 

Percent 

2.67 


;i 5.3 

i 3.40 

3.13 

3 36 

3.56 

0. 5-0. 25 . 1 

4.32 

4 28 

3 03 

4 58 

4.58 

0.25-0 10 

i 14.11 

13 46 

13 H5 

14 02 

14.18 

0. HH) 05. 

! 14 00 

15.34 

14.31 

14 06 

1,5.65 

Sand 2 fH) 05 

1 07 

38.87 

.36. 51 

39 64 i 

i 40 64 

Silt 0 06-0 002 

43 01 

43.00 

45.12 

41.46 i 

1 40.61 

Clay 0 (K)2 

; IH 02 

18 04 

18 .37 

18 00 

i 18 75 

Organic matter 

1 2.12 

1 SO 

2 16 

2 02 

1 1 70 


ANALYSIS OF EUODED MATEKIAL 


2 0-1 0 


1 

1 2.58 

1 80 

4.37 

2 68 

2.2S 

1 0-0 5 


1 4.75 

2.66 

fi 35 

4 61 

3.00 

0. .5-0 25 


' 5.67 

3 01 

6 m 

6 00 

3 00 

0.26-0.10 


' 17,10 

0.55 

16 55 

15 60 

13.34 

0 10-0 0.5 


I 13 05 

11.74 

11.65 

12 60 

11 03 

Sand 2 O-0.0.5 


: 44 05 

28 85 ! 

45. .58 

41 79 i 

34.45 

Silt 0.0.5-0 002 


! 41 15 1 

51.52 

.30 85 

38 10 

44 36 

('lay 0.002 


' 14.80 

10 63 

1 14 57 

20.02 

21.10 

Organic matter 


t 4 04 

2 12 

2 02 

2 72 

1 01 

1 


Th« analyses of the crodc'd materials show wider divergences than 
do thos(' of the soils. In comparison with the soil, the organic-matter 
content of the eroded material is increased in every case, in some coses 
markedly so. The percentage of sand in eroded material is shown to 
he as much as 9 percent less or more than the. sand content of the 
corresponding soil. That it should ever be more, on the basis of a 
year’s erosion losses, is somewhat surprising. It is more surprising 
that the excessive sand content occurs in the soil losses from plots 
under a cover of red or alsike clover, and that the lowest sand content 
occurs in the material of the fallow plots. The anomaly is emphasized 
in table 2, where the percentages of sand m the soil losses are compared 
to the amounts of soil lost by erosion from the different plots. 
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In an earlier investigation some data that showed the same trend 
as that indicated above were discarded by one of the authors on the 
assumption that sampling had been at fault. In the present case there 
is no reason to doubt either the efficacy of the eroded-material sampling 
or the results of the analyses. If the data are accepted, two con¬ 
clusions must be drawn: (1) The laws governing the transportatior of 
particles by water cannot be used indiscriminately to account for the 
composition of eroded material; and (2) the increased organic-matter 
content of eroded material is not due solely to the presence of increased 
amounts of silt or clay. 

Table 2. — Comparison of sand content of eroded material and corresponding annual 

erosion losses 


Plot No. 

Cover 

Sand in 
soil 

Sand in 
washoff 

1 

Soil loss 
per acre 

Rainfall 
lost a.s 
runoff 



Percevi 

Percent 

Pounds 

Percent 

1.- 

Ked clover.. . 

38.97 

44. 

215 

6.96 

2. .. 

Rye-fallow _ 

38.87 

28.85 

28,343 

11.33 

3_ 

Alsike ... 

36 51 

46.58 

383 

6 20 

4... 

Soybeans 

30.64 

41.79 

192 

1.35 

6 .... _ 

Fallow.. ... - 

40.64 

34.45 1 

61,358 

18 54 

1 


An explanation of textural variability is presented that will be 
supported later by data on individual soil losses. Under low rainfall 
and on a permeable soil, conditions are favorable for the total absorp¬ 
tion of all precipitation. If, under these conditions, tluTt^ is any 
selective movement of fine material, such movement must be down¬ 
ward, mainly tlirough channels and fissures, rather than across the 
surface of the soil (i, 4)- An increase in precipitation to the point 
where runoff begins does not preclude a continuation of a downward 
movement of the fines, or a tendency to develop a superficial sandy 
layer at the soil surface. Consequently, conditions may arise, as 
has been the case, apparently, on plots 1, 3, and 4, where eroded 
material actually may be coarser in composition than the eroding soil, 
as a result of the downward movement of the fines and the transverse 
movement under subsequent rainfall of the coarser material. 

On the plots under investigation where the above-described behavior 
has been in evidence, erosion losses and the percentages of rainfall lost 
as runoff have been inconsequential. On the fallow plots where 
higher percentages of water have been lost in runoff, erosion has 
followed the pattern ordinarily expected. That is to say, the larger 
amount of erosion has resulted in material of coarser texture, but in 
neither case does the composition of the eroded material appear to 
be as coarse as the material from which it is derived. When the 
relative quantities of eroded soil from the different plots are considered 
it appears that under local conditions the general tendency has been 
to remove the fines selectively. 

Complete mechanical analyses of the soil losses resulting from the 
separate rains have not been made. However, where sufficient 
amounts of sample were available, a single wet-sieve separation was 
made at 200 mesh for the separate losses from plot 5. The results of 
these sieve analyses, together with the data on rainfall and erosion 
losses are given in table 3. 




Table 3. —Analyses of rnaienals eroded from plot 5, and related erosion data 
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Inspection of these data show that under the small rains character¬ 
istic of this location, there is no apparent correlation for the texture of 
the eroded material with the intensity and duration of rainfall, the 
soil-water ratio of the runoff, or the amounts of the erosion losses of 
either soil or water. Elimination of these factors makes it appear that 
surface conditions, modified by cultivation, and the residues, or the 
downward movement of colloid that results from prior rain, have been 
most effective in governing th<' composition of the eroded material. 

Attention should be directed specifically to the data for the storm 
of August 10. This one rain was outstanding, both with regard to 
intensity and total precipitation. It accounts for 78 percent of the 
annual erosion loss. Here the total losses were sufficiently great 
to discount any minor surface variations. As a result, the texture of 
the eroded material approximates very closely the texture of the plot 
soil.® 

One trend in the data that appears to be fairly definite is that coarser 
textured material was eroded during summer rains. All the storms 
that produced eroded material containing more than 35 percent of 
material coarser than 200 mesh occuned under conditions favorable 
to permeability between April 20 and September 30, and caused small 
erosion losses. This behavior is in harmony with the results of the 
annual erosion on plots 1, 3, and 4 (table 2), where a tendency to 
produce sandy eroded material was indicated. 

Wherever the eroded material contains less than 20 perccuit of 
material coarser than 200 mesh, it has been caused by fall or winter 
rains. One of these (January 25) produced a relatively large amount 
of erosion. Two other storms that produced a relatively large erosion 
of fines occurred March 31 and April 13. All thnu' of these storms 
occurred under like circumstances in that the ground was wet at the 
time of their occurrence and previous freezing aiid thawing had tended 
to destroy the aggregates at the soil surface. Conditions therefore 
were favorable to the crosiop of textural separates. Any tendency 
of fines to move downward into the soil was at a minimum, and the 
percentage of rainfall lost by runoff was correspondingly high. 

SOURCES OF^ORGANIC MATTER IN ERODED MATERIAL 

Because the organic matter of soils is known to be associated mainly 
with the finer fractions, it is not unreasonable to assume that when 
the organic-matter content of the eroded material is high as compared 
to that of the eroding soil, the increase in organic matter is due to an 
increase of fines in the material eroded. This assumption has l)een 
strengthened by the fact that high organic matter usually accompanied 
small runoffs. In data already presented (table 1) evidence is given 
to show that the assumption is fallacious, that organic-matter content 
need not reflect textural composition, although obviously textural 
composition is a factor in determining the amount of organic matter 
present. 

To assume that dispersed soil colloidal material abnormally rich 
in organic matter has been removed selectively by the erosion process 
in those cases in which organic-matter content does not result directly 
from textural composition is contrary to technical experience {2). 
Hide and Metzger (5) have shown that relatively higli organic matter 

• Sep table 4 for comparable soil data. 
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is associated with the better aggregated soil fractions. If effective 
differential erosion takes place on an aggregation basis, eroded material 
should contain less rather than more organic matter than the parent 
soil. In view of the evidence, the most logical assumption seems to be 
that the excess organic matter in eroded material, insofar as it is not a 
result of texture, is due to organic debris removed by erosion. 

The data of table 4 support this conclusion to the extent that the 
annual eroded material coarser than 200 mesh is richer than the 
corresponding soil fraction in organic-matter content. In these 
fractions it was evident visually that most, if not all, of the organic 
matter present consisted of discrete fragments of animal or vegetable 
origin. The only instance where soil and eroded material contained 
reasonably similar amounts of such material was on the fallow plot 
6, where lack of vegetal cover and highest erosion losses tended to 
reduce debris effects. 

A separation at 200 mesh does not prevent the inclusion of debris 
material in the finer fraction; consequently it is not surprising to find 
some rather wide differences bt'tween soil and eroded material in the 
organic-matter content of these fractions. Some of this difference 
probably is due to varying proportions of very fine sand, silt, and clay, 
a point that could not be checked in the present investigation. That 
ilie differences are due in part to the inclusion of debris is indicated 
by the fact that the order of organic-matter content in the eroded 
material is the same in both the fine and the coarse fractions. More¬ 
over, on the fallow plots, 2 and 5, where gi’eatest erosion occurred, the 
organic-matter content of the fine fraction of the eroded materials 
approaches the limits set by the analyses of the fine soil fractions. 


Table 4. — Organic-matter content of coarse and fine fractions of the plot soils and of 
the corresponding material eroded during the year 


ANTALY.mS OF SOILS 





Mechanical simaratcs 

1 

1 Organic matter of separates 



Organic 






JMot No 1 

matter 








1 Coarser than 

j Finer than 

Coarser than 

1 Finer than 




1 200 mesh 

1 2(K) mesh | 

200 mesh 

200 mesh 


1 

Percent ' 

1 Percent 

Percent 

Percent \ 

Percent 

1. 

1 

2.12 

30 5 

(>9.5 

0 98 

2.44 

2 

. _ 1 

1.89 

30 0 

70 0 

.43 , 

2 40 

3 . 


2.1H 

28 0 

1 72.0 

97 ' 

2.77 

4 


2.02 

m a 

09 5 

01 , 

2.68 

5 . - 


1 70 

30.1 

i 09.9 

.Vi 

1.95 


ANALYSIS OF ERODED MATERIAL 





4 04 

41.5 

68.5 

2 74 

4.71 



2.12 

; 22.0 

78.0 

1.2«> 

2.31 



2.92 i 

1 42.0 

58.0 

1 89 

3.47 



2. 72 ' 

! 33.0 

07.0 

1.45 

' 3.22 


i 

i 91 

1 mi 

09.9 

.79 

2.24 


Enough samples were available from plots 2 and 5 to make separate 
analyses of the 200-mesh material from the rain of August 10. The 
erosion occasioned by this rain was sufficient to mask debris effects. 
The material from plot 2 ran 2.27 percent and the material from plot 5 
ran 2.07 percent in organic-matter content. 
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In table 3, data from the type of analysis just discussed have been 
reported for the sieve fractions from the plot 5 individual soil losses. 
Here, where effects of cover are absent, there is an evident relationship 
between organic-matter content and the proportion of the textural 
separates present in the eroded material. But there is evidence of 
debris effects also in the high organic-matter content of some of the 
coarser fractions. The source of this may be wind-borne material. 
This plot had been kept completely fallow for 3 years prior to the time 
of this investigation. 

It has been emphasized that a constancy of colloid composition may 
be assumed in dealing with the eroded-material fractions. To test 
the point and show that a high organic content in the fines of this 
material is in no way associated with the segregation in the eroded 
material of inorganic colloidal material especially rich in organic 
matter, some colloidal material was extracted both from the soil and 
from a series of soil losses. Duplicate extraction and analyses of soil 
colloid gave organic-matter content of 3.17 and 3.32 percent; colloid 
from separate soil losses ran 3.14, 3.29, 3.34, and 2.96 percent. 

DISCUSSION 

The results of the present study, together with those of fonner 
investigations, furnish a basis for evaluating the variability of eroded 
materials. Evidence that is available indicates that under severe 
erosion the eroded materials tend to approximate the composition of 
the eroding soil, that it is in effect ^‘removed layer by layer.’^ With 
more moderate runoffs there is a selective removal of the finer 
fractions. Small local depositions of sand on the soil surface may be 
swept off by later rains, but if frequent cultivation constantly presents 
a fresh surface to the sorting action of running water, a continued 
removal of fines may be expected. 

On relatively permeable soils, where infiltration repn^sents a high 
proportion of the total precipitation, the downward movement of fines 
apparently results in a superficially sandy surface layer. The removal 
of this material by runoffs of slightly greater intensity results in small 
erosion losses of relatively coarse texture. 

The widest range of composition between soil and eroded material 
is to be expected from loams or sandy soils. The removal of ^^finor 
fractions’^ by erosion from a soil composed entirely of silt and clay 
seems highly improbable. Moreover, the most effective sorting by 
comparable runoffs may be expected to take place on weakly aggre¬ 
gated or single-grained soils, since the removal of textural separates 
implies a break-down of the texturally heterogeneous soil aggregates. 

That soils generally are not markedly affected texturally by the 
variability of eroded materials is evident in part from the fact that 
the heaviest erosion losses show the least variability. A simple ex¬ 
ample will illustrate the effect of smaller losses. An erosion loss of 10 
tons per acre that contains 10 percent less sand than the original soil 
results in an accumulation of sand of but 1 ton per acre, or enough 
to increase the sand content of the surface soil by about one-tenth of 
1 percent. 

The silt and clay content obviously drop by the same amount, but 
changes of this order arc negligible, except on excessively sandy soils 
or for their cumulative effect. The data of Scarseth and Chandler (9) 
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illustrate the point. These investigators found that under the con¬ 
ditions of their experiment, a selective erosion of fines took place that 
amounted to only 3 percent of the whole sod, but nevertheless was 
33.3 percent of the clay fraction. To infer, however, that continued 
removal of excess fines by erosion must inevitably cause a surface soil 
to become lighter in texture is fallacious. That can happen onlylif 
the subsoil that replaces erosion losses is lighter in texture than the 
eroded material. 

Because of this circumstance the assumption should not be made 
that erosion losses always are relatively more damaging if they contain 
high percentages of fine materials. The assumption is based on the 
fact that the available plant nutrients of the soil are confined mainly 
to the, finer fractions. It overlooks entirely the equally well-known 
fact that soil structure and tilth, which are dependent in part on tex¬ 
ture, also are important in maintaining productivity. Podsolic sods 
generally tend to become heavier as the result of erosion. On sods of 
this type, particularly on those that have a low organic content, ex¬ 
perience may show that a selective removal of fines is less damaging 
than the removal of the same amount of sandy material. 

The point determined in the present investigation, that smaU erosion 
losses may be sandy in character, may not be of more than theoretical 
interest because of the small amounts of erosion that are involved. 
It seems to bear, however, on the data presented by Hester and Shelton 
(4), which show a downward movement of silt and clay from the sur¬ 
face horizon of a soil that amounted to 79 tons per acre, as the result 
of long-time cropping and fertdizer practices. This result contrasts 
so markedly with the results obtained by Scarseth and Chandler that 
it seems necessary to postulate essentially different types of erosion 
for the two experiments. 

The losses of organic matter caused bv" erosion are variable both in 
amount and character. They tend to be high in proportion to the 
total amount of sod and the proportion of fines that are lost. It is to 
be presumed, however, that the loss of well-decomposed and relatively 
stable humus intimately associated with the organie-inorganic sod 
complex, closely foUows the textural composition of the eroded ma¬ 
terial. Losses of organic matter in excess of this amount may vary in 
character from bacterial gels and the mycelia of fungi to coarse and 
fibrous residues of vegetation. Small runoffs contain higher propor¬ 
tionate amounts of sueh materials. 

These assorted organic materials may be characterized as the more 
active fraction of the eroded organic matter. The variable results of 
such losses on the remaining soil may be judged by the effects of appli¬ 
cations of simdar amounts of simdar materials, litters, manures, or 
composts. 

It is well known that organic materials applied to the soil tend to 
disappear in a relatively short time as a result of bacterial decomposi¬ 
tion and oxidation. The organic debris tha t is carried away by erosion 
undoubtedly is destined for the same fate, and its presence therefore 
tends to exaggerate the permanently characteristic differences that 
distinguish a soil from its eroded material. The removal of active 
organus matter of high fertility value may have an immediately 
deleterious effect on the retaaining soil of somewhat temporary 
character. 
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Losses of relatively stable humus are cumulative in effect, and there¬ 
fore are of greater importance. Soil humus is not replaced easily. 
Its capacity to release food and energy for plant growth and bacterial 
actiyitv is small as compared with that of green manures or freshly 
appliea composts; nevertheless it maintains an ability to serve as a 
storehouse of plant food by reason of its amphoteric character and high 
base-exchange capacity, and so regulates the supply of nutrients avail¬ 
able for plant growth. Equally important, it affects the physical 
character and tilth of the soil, and tends to buffer and extend the zone 
of conditions favorable to maximum plant growth. The variability 
of eroded material that supports an excessive loss of fines becomes 
relativ(»ly more damagitig in proportion to the rate at which it lowers 
the humus content of the remaining soil. 

SUMMARY 

A series of soil losses and the corresponding plot soils have been 
analyzed texturally and for their organic-matter content. 

Since rainfall was light, soil and surface conditions, rather than 
intensity and duration of rainfall, appeared to govern the textural 
composition of the eroded material. Under conditions favorable to 
infiltration and downward movement of fines, eroded material has 
been produced that is coarser in texture than the corresponding soil; 
midcr conditions of greater impermeability, eroded material has been 
produced that is finer in texture than the corresponding soil. 

These differences tend to disappear as erosion increase's, and the 
composition of the eroded material approaches the composition of the 
soil. 

Argument has been advanced to show that a disproportionate 
removal of fines need not be more serious than the removal of the same 
amount of soil in its total. 

Irrespective of texture, eroded material has bei'n shown to be some¬ 
what higher in organic-matter content than the eroding soil, espt'cially 
where small runoffs are incuiTcd. This anomaly has been shown to 
be the result of organic? debris that is removed preferentially by the 
eroding process. 

If the effect of organic debris is discounted, colloidal material 
removed by erosion has essentially the same organic-matter content 
as the colloidal material of the eroding soil. 

The textural separates of a soil are essentially identical with com¬ 
parable separates from its eroded material and, except for deviations 
due to organic debris or temporary physical conditions, all properties 
in which eroded material may differ from the soil must be the direct 
result of the relative proportions of separates that are included in the 
material. 
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INFLUENCE OF CONTROLLED ENVIRONMENT AND 
NUTRITION ON THE RESISTANCE OF GARDEN PEA TO 
FUSARIUM WILT* 

By Wilbur T. Schroeder, formerly fellow^ and J. C. Walker, professor of plant 
pathology f Wisconsin Agricultural Experiment Station 

INTRODUCTION 

Resistance to fusariurn wilt of pea {Pisum sativum L.), first noted by 
Linford (7)/ was demonstrated by Wade {19) to behave as a single 
dominant Mendelian character. Although the disease has declined 
in importance with the development of resistant varieties, it remains 
of fundamental biologic interest in that it is in some respects an extreme 
case of the specialized parasitism common in the vascular fusarioses 
and differs noticeably in its temperature relations from other diseases 
in this group. Linford (7) and Snyder {16) showed that the growth 
of the pathogen, fusariurn oxysporum f, (Lindf.) race 1 S. & H. 
{Fusariurn orthoceras App. and \V*r. var. pisi Linford), on various media 
is similar to that of other vascular fusaria. Linford (7), however, 
found the optimum soil temperature for development of pea wilt to be 
distinctly below that for the growth of the fimgus on potato-dextrose 
agar, while that in other vascular fusarioses is close to the Optimum for 
linc^ar powth of the parasite on agar substrate. 

Walker {20) demonstrated that host resistance to cabbage yellows 
{Fusariurn (mjsporum Schlecht. f. conglutinans (Wr.) S. & H.), like that 
to pea wilt, is controlled by a single dominant Mendelian gene. Cab¬ 
bage yellows, however, differs from the latter disease in that homo¬ 
zygous resistant individuals develop certain atypical symptoms at soil 
temperature's of 26° to 30° C. (f, 22), At the same temperature range 
Linford (7) claimed that pea wilt was much reduced in severity. 
Anderson and Walker {!) found that penetration of the resistant cab¬ 
bage' ocecurred through the epidermis and cortex of the root and 
hypo(‘otyl, but that the organism seldom reached the stele. Walker 
and Snyder {23) observed that, in contrast to F. oxysporum f. congluti-- 
nans, the pea-wilt organism becomes established with difficulty in cer¬ 
tain soil types. 

The purpose of the present investigation was to study the effect of 
certain environal and nutritional factors on the development of pea 
wilt, particularly where the soil factors were eliminated. This was 
accomplished by growing a susceptible and a resistant variety of the 
host in artificially infested sand in which temperature and nutrition 

’ Received for publication January 14.1942. This investlitation Is part of a study of the nature of disease 
resistance in plants, supported in i>art by the Wisconsin Alumni Research Foundation. Some assistance 
was provided from the iiersontiel of Federal Work Projects Administration Project No. d5-l-53>234d. 

9 Italic numbers in paientheses refer to Literature Cited, p. 24fl. 
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could be regulated. Under these conditions a better underetanding of 
the host-parasite relationship could be acquired which might in turn 
throw more light on the nature of disease resistance. All experiments 
were conducted in the greenhouse or laboratory at Madison, Wis. 

MATERIALS AND METHODS 


SAND 


Two varieties of pea, Davis Perfection (wilt-susceptible) and Wis¬ 
consin Perfection (wilt-resistant), were used tlmoughout. The isolate 
of Fusarium oy^sporum f. pisi race 1 was obtained from W. C. Snyder 
of the University of Califoniia and all inocula used in this study were 
obtained from repeated substransfers of a single microconidial line 
derived from that cultiii e. Five-pound glazed crocks, 5 inches high, 
were used. To each crock was added approximately 1,200 ml. of dry, 
fine, white silica sand, which previously had been washed in several 

changes of hot water followed 
by several rinsings in distilled 
water. Each crock was sup¬ 
plied with a siphon through 
which the sand was drained 
(fig. 1). The sand contained 
in each crock was wetted and 
sterilized for 6 to 8 hours at 
15 to 18 pounds’ pressure on 
2 alternate days, and just 
prior to planting it was 
washed twice with distilled 
water by flooding each crock 
and draining througli the 
siphon. 

Modifications of the nutri¬ 
ent solution formulated by 
Hoagland and Snyder (4) 
were used throughout. In 
the temperature experiments the basal solution was diluted to one- 
tenth concentration. The studies on the effect of nutrient concentra¬ 
tion involved the dilute solution, the basal solution, and multiples of 
the latter. Hereafter, the diluted solution is designated as O.lH, the 
basal as IH, three times the basal as 3H, and five times the basal as 5H. 
No attempt was made to control the pH of the solutions. On alter¬ 
nate days approximately 500-600 ml. of nutrient solution was added 
to each crock and the excess solution drained off immediately. 

The composition and molarity of the nutrient solutions at the basal 
concentration used in the sand-culture experiments were as follows: 

MillilHen to make 

Compoeition and molarity 10 litere of nutrient 

Ca(N 03 )s,]M_50.0 

KNO.,, IM.. -..50.0 

MgSO., IM_ 20.0 

KH,P04, IM.. 10.0 





Figure 

crocks 


1."”" Siphon drain for sand-culture 
The 2-iuch piece of j^lass tubing 
filled with glass wool .served to prevent the 
sand from clogging the drain. 


NaCl, IM. 
A-Z 


5. 5 
2 . 0 


* The A-Z stock solution was composed of the following made up to 1,000 ml. with distilled water; HtBO«, 
2,818 gm.; CuCl2.2H20,0.40 gm.; ZnCl», 0.030 gm.; MnCl2.4HjO, 0.390 gm.; and FeCh.OHiO, 6,000 gm. 
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Inoculum was obtained by growing the fungus in 1-liter Erlenmeyer 
flask containing 200 ml. of Czapek’s solution modified according to 
the following formula: KNO3, 3gm.; KH 2 PO 4 , 1.0 gm.; MgS 04 . 7 H 20 , 
0.5 gm.; KCl, 0.6 gm.; FeS 04 , trace; dextrose, 30 gm.; water, 1,000 ml. 
The inoculated flasks stood for 48 hours with frequent shakings each 
day, after which they were placed in a mechanical shaker for 3 to 4 
days. After this period of agitation, the contents of each flask con¬ 
sisted of a very heavy suspension of microconidia and hyphal frag¬ 
ments. Inoculation was accomplished by adding 100 ml. of the original 
mycelial and spore suspension combined with 100 ml. of sterile 2-per- 
ccnt dextrose solution to each crock, draining the excess liquid, and 
thorouglily mixing the sand in each crock. Each control crock re¬ 
ceived 200 ml. of the sterile dextrose solution. The peas were then 
planted, usually eight seeds per crock, and flooded with the nutrient 
solution, which drained off immediately. The crocks were then placed 
in the respective temperature tanks. A second inoculation was made 
3 to 4 days after emergence by adding 100 ml. of the mycelial and 
spore suspension to each crock, draining off the excess liquid, and 
flushing immediately with the nutrient solution. 

In order to insulate the sand and thus maintain more complete tem¬ 
perature control, a circular K-inch wire-mesh screen was suspended 
about ]i inch above the surface of the sand just after planting. A very 
thin layer of nonabsorbent cotton was placed over the screen. Wlien 
the plants emerged through the mesh, the cotton was tucked around 
them. This method was more satisfactory than the use of gr^ulated 
cork since the latter became wet when the nutrient solution was 
added to the sand and thus provided a suitable substrate for air-bonie 
contaminants, particularly Cephalothedum roseum Cda. 

SYMPTOMS AND DISEASE CRITERIA 

The symptoms of pea wilt have been described in detail by Linford 
(7, 8, 9, 10). The initial and most characteristic sign of this disease 
in susceptible plants is a downward curving of the stipules and leaflets, 
accompanied by a slight yellowing of the leaves and a superficial 
grayness suggesting an excessive development of waxy bloom. The 
lower inteniodes increase in diameter and the entire stem becomes 
rigid. After this stage the plant may wilt abruptly at the top, and 
the stem shrivel downward or, particularly under low soil-temperature 
conditions, it may turn yellow and wither slowly, leaf by leaf. Linford 
(9) has described, in plants grown asoptically in tubes of soil inoculated 
with a pure culture of the fungus, distortion and wilting of the leaflets 
followed by sudden collapse of the plant, sometimes accompanied 
by a water soaking of the collapsed parts and extensive cortical 
decay of the roots. 

The progress of the disease was noted daily. Data were taken on 
the appearance of initial symptoms, complete wiltii^, and death. 
Complete wilting was designated as that stage in which all stipules 
and leaflets except those enclosing the terminal bud were either 
definitely wilted or dead. Indices wore calculated according to the 
method used by Virgin and Walker {17,18) m which the index repre¬ 
sents the average number of days from sowing to the particular 
stage of the disease concerned. The index for the initial appearance 
of symptoms was designated as the initial-disease index; that for 
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complete wilting, the wilt index; and that for death, the death index. 
On this basis, the more rapid the disease development became, the 
lower the index. Since neither complete wilting nor death occurred in 
all resistant plants, a disease-development index was used as the 
disease criterion. At a given period, plants were removed from the 
sand and divided into five arbitary classes designated as follows: 
0, plants healthy; 1, no apparent stunting, but an incurving of stipules 
and leaflets, accompanied by off-color; 2, moderate stunting, incurving 
of stipules and leaflets and off color apparent to within three or four 
nodes of terminal bud; 3, severe stunting, only one to three uppermost 
nodes with green leaves remaining and possessing the characteristic in¬ 
curving and off color (such plants approached the condition of com¬ 
plete wilting); 4, complete wilting and death. The disease-develop¬ 
ment index was calcidated on the basis of the above classes by using 
the class figures as weighted values.^ 

ENVIRONAL STUDIES 

Linford (7) indicated that the most rapid and severe development 
of pea wilt occurred at a soil temperature of 21® to 22® C. He based 
his conclusions on the percentage of diseased plants at the various 
soil temperatures on successive-day intervals following planting. 
Using a wilt index. Virgin and Walker {17) compared the soil-tempera¬ 
ture relations of the near wilt disease of pea {Fusarium oxysvorum 
Schlecht. f. pisi (Sny.) race 2 S. and H.) with those of pea wilt and 
corroborated Linford^s observations on wilt, although the diffVrcn(JCs 
between 20®, 24®, and 30® were not very large. 

Early experiments involving a study of methods for obtaining 
uniform infection of peas in sand artificially infested with the pea 
wilt organism indicated that the optimum temperature for disease 
development was not convergent with that in soil. Furthermore, 
it was observed that at temperatures of 24® C. and higher, rc^sistant 
plants were stunted, and they developed symptoms characteristic 
of the initial stages of the disease described by Linford (7) for sus¬ 
ceptible plants. Two experiments were therefore set up to determine 
the influence of sand temperature on development of the disease in 
susceptible and resistant varieties. The first experiment was started 
in the greenhouse on December 2 and final notes were taken on Janu¬ 
ary 17; the second experiment was started on January 31 and con¬ 
cluded on March 18. The chief variable in the two experiments, 
therefore, was light, the length of day being shorter and the intemsity 
of light usually lower in the first experiment. In experiment 1 a 
parallel series was run in virgin soil in which inoculum increased on 
sterilized barley kernels was incorporated at approximately the same 
rate as that used by Snyder {16). The soil was maintamed at ap¬ 
proximately 60 percent of its water-holding capacity by the addition 
of distilled water on alternate days. Uninoculated soil served as a 
control. Three inoculated and two control crocks of each variety 
in each substrate were planted. Crocks and tanks were arranged 

3 To obtain the index the number of plants in each class was multiplied by the class number and the sum 
of the products of each class was then multiplied by iOO. The product was then divfded by 4 times the total 
number of plants in each treatment to obtain the disease^levelopment index. Thus, when all the plants 
were healthy, the index was 0. when all the plants were completely wilted the index was 100, while inter¬ 
mediate stages of the disease were represented by intermediate index figures. It is important to note that 
the disease-development index figure increases in value with Increase in disease severity while in the initial- 
disease index, wilt index, and death index the reverse relation holds 
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at random to compensate for any variation in quantity and intensity 
of light in the greenhouse. Tank temperatimes wore maintained at 
15°, 18°, 21°, 24°, 27°, and 30°, and the cotton insulation in each 
crock pei-mitted these temperatures to be held to within ^° in the 
sand and soil. The air temperature was held between 22° and 24°, 
except for about 4 hours during midday on sunny days, when it went 
as high as 28°. 

INFLUENCE OF TEMPERATURE ON THE DISEASE IN SUSCEPTIBLE PLANTS 

The influence of sand temperature on the development of wilt was 
markedly different from that observed by Linford (7) for soil. From 
the data given in table 1 it is to be seen that the time required for 
complete wilting to occur was significantly less as the temperature 
rose from 15° to 30° C. The difference between the wilt indices at 
27° and 30° was not significant in experiment 1 and just barely so in 
experiment 2. The time required for complete wilting in the latter 
was the longer at each temperature. Thus the optimum tempera¬ 
tures for complete wilting in these trials were 27° and 30°. 


Table l.—Wilt indices of Davis Perfection (susceptible) peas in two different 
experiments at various sand temperatures 



j 

Wilt index (days) at sand temi>eratures of - 

Mini¬ 

mum 

erini(*nt 

No. 

Duration of oxix'riment 

15° C. 

18° r. 

1 

21° r. 

24° C. 

27° C\ 

30° C. 

cant dif* 
ferenc»» 
09.1)* 


Dec. 2 to Jan. 12 . 

.fan. 31 to Mar IS... 

31 3 
41.1 

27 9 
33. r> 

24 2 
29 8 

20 ft 
2.5 ft 

16 8 
19 4 

If) 5 
18 3 

; 2.1C 

: i.oa 


1 Minimuni dilToronce required ft»r siRtufloaDce botw<*i*n tho indices at various temiH'rat arcs in a piven 
exiMTinieiit. 


X 

UJ 

o 

z 


'20 


lol 


15 


The progrress of disease development (fig. 2) showed the same trend 
in the thi*ee indices, althougli the intervals between the three stages 
of wilt development decreased slightly with the rise in temperature. 

While any one of the 
three stages could be 
used as a disease crite¬ 
rion, complete wilting 
appeared to be the one 
most accurately deter¬ 
mined. A comparison 
of the initial-disease 
indices in sand and soil 
presents an interesting 
picture (fig. 3). As 
previously indicated, 
the differences among 
the indices at the vari¬ 
ous sand temperatures 
were all significant 
except at 27® and 30® C. 
Fioube 2.— Comparison of the initial-disease index, jjj however 

the wilt index, and the death index in Davis ^ 

Perfection (susceptible) peas at various tempera- appearanco Ol ini- 
tures in artificially inoculated sand. tial symptoms at lo 
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and 21® was simi- 
ficantly earlier than 
at any of the other 
temperatures. At 15® 
the symptoms were 
decidedly retarded, 
while at 24®, 27®, and 
30® they were inter¬ 
mediate in rate of 
development between 
those at 15® and at 18® 
and 21®. Thus at 15®, 
18®, and 21® the dis¬ 
ease developed at ap¬ 
proximately the same 
rate in both sand and 
soil, but at 24®, 27®, 
and 30® a divergence 
occurred with the re¬ 
sult that the optimum temperature for disease development in sand 
was much higher than that in soil. 

INFLUENCE OF TEMPERATURE ON THE DISEASE IN RESISTANT PLANTS 

Several attempts have becm made to indu(*.e the dc'velopment of 
wilt in resistant varieties. Linford (9) failed to break down inherent 
resistance by pruning and otherwise injuring tln^ roots of plants already 
established in wilt-infested soil. Decortication of the roots of trans¬ 
plants before placing in infested soil, as performed by Linford {9) 
and Wade {19), resulted in no manifestation of the disease other than 
a di'opping of a few of the lower leaflets, although both workers state 
that the fungus was found sparingly in the cortex but not in the stele 
of the root. A similar situation was observed by Walkcu* {21) in the 
resistant Alaska vaiiety grown in soil and on soil-extract agar. 
Snyder {16) observed leaf symptoms on the resistant Bruce variety 
suggestive of wilt, but failed to recover the fungus from such plants. 
By applying a barley-grain culture of the fungus to wounds in the 
aerial parts of resistant and susceptible varieties, Linford {10) ob¬ 
tained symptoms which simulated those typical of the disease in 6.7 
and 13.3 percent of the plants, respectively. The fungus, however, 
extended only a few millimeters vertically from the wound. In the 
two experiments previously described Wis(ionsiii Perfection (resistant) 
peas were grown in a paralhd series. Disease developnK'iit in this 
variety will be considered next. 

The symptoms in resistant plants were found to diff(T from those 
in susceptible plants in degree rather than in kind. The initial 
symptoms were quite similar in that the normal color of the lower 
leaflets and stipules gave way to a slight yellowing, followed by with¬ 
ering and death. As a given leaflet withered yoimger stipules and 
leaflets assumed a superficial grayness and became incurved about 
three nodes in advance of that at which leaves were dying. The 
dead leaves abscised at about the same rate as those of susceptible 
plants ^own at 15® and 18® C. but more readily than those of suscep- 
tiblft plants grown under teny^eraturos conducive to rapid wilting. 
Under ideal conditions, these symptoms gradually proceeded to the 
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Figure 3. —The influence of temperature on the 
initial-disease index in Davis Perfection (suscep¬ 
tible) peas grown in artificially inoculated sand 
and soil at various temperatures. 
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top of the plant until all fully expanded leaves had withered and died. 
As in susceptible plants, the lower internodes increased in diameter 
and the entire shoot became more rigid, while stunting and shortening 
of the internodes were also quite cJiaracteristic. Under less favorable 
conditions, such as lower temperatures, the characteristic off color 
and incurving of the stipules and leaflets developed occasionally, but 
they were confined to the lower half of the stem and occurred without 
any apparent stunting of the plant. A certain amount of cortical 
decay existed in the roots of such plants. 

The influence of temperature on disease development in Wisconsin 
Perfection was not as marked nor as uniform as in susceptible Davis 
Perfection. The initial-disease indices are given in table 2 while the 
percentages of completely wilted plants at vaiious intervals for each 
temperature are represented in figure 4. The temperatures of 24°, 
27°, and 30° C. were uniformly effective in bringing about early ap¬ 
pearance of initial symptoms, while 27° and 30° appeared to be slightly 
more favorable than 24° for the early development of the complete- 
wilt stage. The symptoms appeared later at 21° and were greatly 
retarded at 15° and 18°. 


Table 2. — The inflvence of temperature on the appearance of initial symptoms in 
Davis Perfection (susceptible) and Wisconsin Perfection (resistant) peas grown in 
artificially inoculated sand 


1 



lnitial-(liBeas(> index < (days) at sand temperatures 

! 

nient 

Duration of 

Variety 



of 

— 



No j 

<*xfK*rini<*nt 


15® C j 

18® r 

21® r. 

24° C 

27° C. 

i 30® C. 

1 . i 

Doc 2 to Jan. 12 

fDavis Perfection 

1W isconsiiu Perfection 

i 

25.3 ! 

21 8 

19.4 

16 8 1 

13.7 

14 0 


31 0 1 

30.2 

n 4 

11 9 1 

14.4 

14.8 

2 .. .. 

Jan 31 to Mar 18 i 

1 

n>avi8 Perfection 

28 2 

21 9 

18.2 

16 2 

14.5 

14.4 

_ 

\ Wisconsin IVrfection 

33.5 

30 5 

26.8 

20 3 

1 

19.3 

20.9 


1 Based on the averape of 3 n'plicates. 


At the conclusion of experiment 1 , those plants that had not wilted 
comph'tely were removed, washed free of sand, surface-sterilized for 
5 to 8 minutes in a 0.9-percent solution of sodium hypochlorite, and 
nodal platings were made on acidified potato-dextrose agar. A fungus 
resembling F, oxysporum f. pisi race 1 with respect to cultural char¬ 
acters was isolated from every plant, although the nodal location of 
the fungus was irregular. The majority of isolations were from the 
cotyledonary and second nodes. In some plants the fungus was 
recovered from as high as the fifth node, but was rarely recovered 
from that section of the taproot located about 1 cm. below the cotyle¬ 
donary node. 

Forty-five days after planting, those plants of the resistant variety 
that had not wilted completely in experiment 2 were removed from 
the sand and the disease-development index was determined prior to 
planting the nodes on acidified potato-dextrose agar. The indices 
were as follows: 

Diseaxe-deveiopment 

Temperature (°C.): *"'**'■ 

15. . _ . . ..26.3 

18. .30.7 

21. . .... .47.4 

24. _ .. .. . .. 73.7 

27. _ . . : . . _ 91.8 

30... - . 92. 1 
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Figure 4. —The influence of sand temperature on the percentage of plants reaching 
the complete-wilt stage in Wisconsin Perfection (resistant) peas grown in arti¬ 
ficially inoculated sand. 
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The most severe development of the disease occurred at 27° and 
30° C., with a decrease at 24° and a still further decrease at 21®, while 
at 15° and 18° the majoritv of the plants showed merely the character¬ 
istic incurving and on color at the lower nodes. The results of the 
nodal isolations conformed closely to the disease-development indices. 
Those plants classified as healthy did not yield the organism. In 
diseased plants at 15°, 18°, and 21° the pathogen had not progressed 
farther than the second node and was sparse in the root. At 24°, 27°, 
and 30° the organism was recovered from the roots and second node 
of all plants and from the fourth, fifth, or sixth nodes of some. 

INFLUENCE OF AIR TEMPERATURE ON DISEASE DEVELOPMENT 

In view of the marked differences effected by various sand tem¬ 
peratures on the development of pea wilt, a study was made of the 
influence of different air temperatures on the progress of the disease 
in the susceptible and resistant varieties grown at two constant sand 
temperatures. Triplicate plantings of each variety were made at 
sand temperatures of 20° and 28° C. in each of the following air 
temperatures: 16°, 20°, 24°, and 28°. Control crocks were plants in 
duplicate. Cotton insulation was used in all crocks. The results in 
table 3 show no significant difference in wilt indices at the four air 
temperatures when the sand temperature was 28°. Wlien the sand 
was at 20° complete wilting was definitely retarded at 16° air, as 
compared with air tempi'ratures of 20°, 24°, and 28°. Of the last 
three air temjieratures wilt was significantly the more rapid at 24°. 
How(»ver, at air temperatures of 20°, 24°, and 28° the modification of 
disease expression occasioned by shifting the sand temperature from 
20° to 28° or vice versa was greater than that between 20° and 28° 
air temperature at either soil temperatui'e. The fact that the rate of 
wilt development in the sand held at 28° was not influenced by air 
temperature is explained in part by the observation cited elsewhere 
in this paper that complete wilting in susceptible plants in sand at 
27° and 30° was the result of a different set of host-parasite relations 
than that in plants grovTi in sand at 24° and lower temperatures. 


Tablk 3. —Developtnent of the complele-wilt stage in Davis Perfection (susceptible) 
peas grown in artificially infested sand at two sand temperatures in each of four 
air temperatures 


Sand tcmi>craturc (\) 

Wilt index at air temperature of— 

Minimum 

significant 

difference 

(19:1) 

C 

20° r. 

24° C. 

28° C, 

20.. 

« 30 7 

27.7 
18 0 

25.0 
17 8 

2tt 7 
20 5 

1.6 

0) 

28. .. 



1 Average of 3 replicates. 

> Calculated F value indicat(‘d no significant differences among the four air temperatures. 


TEMPERATURE IN RELATION TO THE GROWTH OF THE FUNGUS 

The optimum temperature for growth of F. orysporum f. pisi race 1 
as measured by radial expansion on agar media of diverse composition 
has been shown by Linford (7) and Snyder (16) to be around 28° C. 
Because of the inoculation technique employed in these experiments, 
it was deemed advisable to study the relation of temperature to growth 







230 


Journal o f Agricultural Research 


Vol. 65, No. 6 


of the fungus in a nutrient solution having the same salt concentration 
and balance as that used for the growing plants. The O.IH nutrient 
solution was made up with 2 percent dextrose, and 50 ml. of solution 
were added to each 250-ml. Erlenmeycr flask. Six inoculated flasks 
were placed at each of nine constant temperatures. At the end of 14 
days, three flasks at each temperature were removed and the mycelial 

contents of each flask 
weighed; the other set 
of three was weighed 
at the end of 23 days. 
Prior to weighing, the 
mycelijil growth was 
filtered, washed four 
times with distilled 
water, and the mats 
dried at 74® C. The 
pH of the filtrates at 
each temperature was 
not appreciably differ¬ 
ent from the original 
pH 4.35 in the sterile 
solution. 

The results are 
shown graphically in 
figure 5. At the end 
of 14 days, 28® ap¬ 
peared to be the opti¬ 
mum temperature, 
whereas, at the end of 23 days, 24® and 28® produced an eqiud amount 
of growth. The small amount of growth produced might have been 
due to the very low concentration of nutrient salts. The thermal rela¬ 
tion of the fungus to this medium was thus quite similar to that 
reported for potato-dextrose agar. 

INFLUENCE OF SAND TEMPERATURE ON THE HOST-PARASITE RELATIONSHIP 

It has been assumed that the influence of temperature on the devel¬ 
opment of fusarial wilts is primarily due to its direct effect upon the 
pathogen. Pea wilt has been a notable exception when plants were 
grown on infested soil, but the results just presented show that when 
soil is eliminated and infested quartz sand used the thermal relations 
do not differ from those of other vascular fusarioses. It cannot bo 
definitely ascertained from the experiments reported luTein whether 
or not the increased severity in disease development at 27® to 30® 
C. is due to the influence of these liigher temperatures on the fungus, 
on the host, or on both. Nevertheless, certain observations on the 
development of the disease at the different sand temperatures do pro¬ 
vide a better understanding of the relationship between host and 
parasite. Each plant in experiment 2 that had reached the complete- 
wilt stage was removed along with a corresponding control plant for 
further study. The smallest and the largest diameters of the first 
internode of each plant were measured. Root and nodal platings were 
then made with each diseased plant. The first internode of the 
completely wilted Davis Perfection (susceptible) plants was signifi¬ 
cantly larger at each temperature than that of corresponding healthy 



Figure 5.—Average weight of the mycelium of F. 
oxysporum f. pist race 1 pown in 0.1 II nutrient 
solution supplemented with 2 percent dextrose, 
at nine coii.stant temperatures. 




Sept. 1 ,1942 


Study of Resistance to Fusanum Wilt of Pea 


231 


control plants (table 4). A comparison of the differences in diame¬ 
ter at the various temperatures showed this to be greatest at 21®, 

Table 4. —Comparison of the diameters of the first internodes of wilted and healthy 
Davis Perfection {susceptible) plants at six different temperatures 


Condition of plant 

Average diameter (mm.) * at temperatures oi 

- 

15® C. 

18® r. 

21® C. 

24® C. 

27® r. 

1 

30® C. 

Completely wilted ... . 

Healthy control - -.i 

3 09 
2.90 

3.16 
2.78 

3 46 
2.75 

3.45 

2 91 j 

1 

3.61 1 
3 06 1 

3.47 
3 11 

Difference.. . 

.19 

.38 

.71 

64 ! 

1 

45 

.36 


> Minlmam significant ditTeronee In comparing (19:1) temperatures within the healthy or inoculated group 
or between healthy and wilted plants within any temiH'rature is 0.18 mm. 


which is near the optimum for the growth of the host (7). The 
wilted plants of the resistant variety showed an increase in diameter 
of the first internode which was of the same order as that found in 
the susceptible variety. When wilted n^sistant or susceptible plants 
were measured it was observed that tb,e first and second internodes 
were fully rounded, in contrast to those of healthy plants which 
exhibited definite furrowing due to schizogenous lacunae in the 
cortical parenchyma. Microscopic (‘xamination of transections of 
h(‘althy and wilted plants at corresponding locations in the first 
internode revealed that the lacunae had not developed or, at least, 
were gn^atly retarded in the latter group. It would appear, there¬ 
fore, that this host redaction to fungus invasion is common to resistant 
and susceptible forms and its relation to temperature is a function of 
the influence of tlie latter on the host rather than on the pathogen. 

The progress of the fungus through the axis of the plant was meas¬ 
ured by root and nodal isolations as each particular plant reached 
complete wilting since this stage repr('sented the ultimate expression 
of the interaction of host and parasite. The results (table 5) show 


Table 5. —The influence of temperature on the advance of the pea-unit organism in 
the stems of Davis PerfecUon {susceptible) plants at the complete-wilt stage 


Sand temperature 
f®C ) 

'Petal 

plants 

rianth in M hlch the fungiLs had reachtnl the node indicated hy 
numbering from the tip dow’nward— 1 

Average 
of nodes 
in the 
plant 
at the 
complete 
wilting 
stage 

Tip 

1 

2 

3 

4 

6 

6 

7 

s 

9 


Nvm~ 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 



ber 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

eent 

cent 

Number 

15. 

19 

0 

0 

10 5 

0 

5.3 

10 5 

10 5 

31.6 

21 1 

10 5 

10.3 

18- .. 

21 

0 

23 8 

38.1 

14.3 

4.8 

19.0 

4 8 


. 


8.6 

21. 

22 

31 8 

31 8 

27.3 

9,1 


_ 





8.1 

24_ __ 

21 

61 9 

19.0 

19.0 





--- 



7.9 

27. 

21 

15 0 

15.0 

30 0 


lAO 

50 

. 

, 



6.7 

30. 

13 

7.7 

15.4 

30.8 

30.8 

15.4 






6.5 

... 



— -ssr- 


_ 


___ 

_ 



that at 24® the fungus progressed to the tip in a greater percentage 
of plants than at any other temperature, while the closest approach 
to this situation occurred at 21®. The progress of the organism was 
definitely slower at 27® and 30® and still more so at 15® and 18°. 
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The average number of nodes per plant at the time of complete wilting 
was inversely proportional to the temperature. It is significant, 
however, that the organism reached the terminal node in fewer plants 
at 27® and 30® than it did at 24® and 21®, in spite of the fact that it 
had fewer nodes through which to travel and the additional fact that 
plants wilted at 27® and 30® were usually somewhat shorter than 
those that wilted at 24®. This would indicate that, insofar as this 
phase of host-parasite relationship is concert)ed, the influence 
of temperature on the pathogen is not strictly parallel to its effect 
on fungus growth. 

The development of the disease beyond the appearance of initial 
symptoms was quite variable at the different temperatures, although 
the ultimate result was a withering and drying of the fully expanded 
leaves, followed by the death of the tenninal bud. Once the initial 
symptoms appeared, wilting was most rapid at 27® and 30®, the upper¬ 
most leaves withered without any apparent change in color, and leaf 
abscission seldom occurred. At 21® the leaves of affected plants wilted 
more slowly and definite color changes preceded the death of each 
stipule and leaflet, while abscission of dead leaves occurred in most 
instances. Affected susceptible plants at 21® and at lower tempera¬ 
tures were very similar in appearance to resistant plants at 27® to 30® 
(fig. 6). Complete wilting in resistant plants seldom o(‘.(mrred at 15®, 
and when it did so it was characterized by a very slow necrosis and 
abscission of the h^aflets until all but the terminal bud were dead. 



Figure 6. —A comparison of diseased pea plants of a susceptible and a resistant 
variety 23 days after planting, when pown at two different sand temperatures: 
A and B, Davis Perfection (susceptible) grown at 27® and 21®, respectively; 
C and D, Wisconsin Perfection (resistant) grown at 27® and 21®, respectively. 
All corresponding control plants approximated in size the plant on the extreme 
right. 
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An important characteristic of the disease in sand culture was that 
at 27° and 30°, which were the optima for the development of com¬ 
plete wilting, cortical necrosis of the roots was usually severe. Necrosis 
was progressively less prevalent as the temperature dwreased. This 
is a phase of the disease which has seldom been mentioned by other 
workers who have used soil culture but is suggestive of a case described 
by Linford (9) on plants grown aseptically on inoculated soil. In 
view of the fact that the most rapid v^cular invasion occurs at 24° 
and 21°, it may be that vascular invasion is responsible for the first 
appearance and most rapid advance of the disease in soil at 21°, whUe 
in sand where higher temperatures promote cortical invasion the higher 
optimum for complete wilting may be due in part to the injection of the 
cortical phase into the disease picture. In any case it is an interesting 
example of a shift by change in thermal environment from a more 
strictly vascular disease to one which is both vascular and cortical. 
It was not uncommon to find roots with extensive cortical decay in 
which healthy white lateral roots emerged through the necrotic area 
and served to delay the wilting of the above-ground stem and leaves. 
Such plants were found in the sucx'ptiblc variety most commonly at 15° 
and in the resistant variety at 27° and 30° (fig. 7). 

NUTRITIONAL STUDIES 

RELATION OF INCREASED NUTRIENT CONCENTRATION TO DISEASE DEVELOPMENT 

The experiments on the relation of sand temperature to pea wilt 
established a higher optimum for dise,asc development than that pre¬ 
viously recorded for infested soil and indicated that resistance to the 
disease could be partially broken down, especially at 27° and 30°. 
Concomitant with the increased disease development at these tem- 
})eratures was a pronounced cortical decay of the roots of both re¬ 
sistant and susceptible plants heretofore unassociated with pea wilt, 
except in one instance cited by Linford (5). Smith and Walker (I 4 .) 
showed that multiple concentrations of the nutrient solution described 
by Hoagland and Snyder U) have a retarding effect on infection and 
severity of aphanomyces root rot of pea (Aphanomyces euteiches 
Drechs.) in wnich severe cortical decay of the roots and lower stem 
occurs. They obtained no infection at nutrient concentrations four 
and five times, that used by Hoagland and Snyder (4). 

In a preliminary experiment conducted during October 1940, at a 
sand temperature of 27° with two concentrations of the nutrient solu¬ 
tion, O.lH and IH, it was observed that the appearance of complete 
wilting of the susceptible plants w'as delayed at the higher nutrient 
concentration. Likewise, tiie disease was regarded in its development 
and was much less severe in the resistant plants supplied with the 
higher concentration (fig. 8). Since observations indicated that cor¬ 
tical decay was quite characteristic of pea wilt in both susceptible 
and resistant varieties grown in sand at 27° and 30° C. and supplied 
with a dilute nutrient solution, the effect of higher nutrient con en- 
trations on the development of pea wilt was studied. With but few 
exceptions, the method used was essentially the same as that in the 
sand-temperature work. The sand was held close to 21° and 27°, 
respectively, since these two temperatures effected marked differences 
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Figttre 7.—Regeneration of the root system in peas following pronounced cortical 
decay produced by the wilt organism; this was found most commonly in wilt- 
susceptible peas grown at low sand temperatures and in wilt-resistant peas grown 
at high sand temperatures: A, Davis Perfc'ction (susceptible) plant grown in 
uninoculated sand at 15° C.; B, Davis Perfection plant grown for 40 days 
in inoculated sand at 15°; (\ Wisconsin Perfection (resistant) plant grown in 
uninoculated sand at 27°; 1), Wisconsin Perfection plant grown for 40 days in 
inoculated sand at 27°. 

in the development of the disease in both the resistant and the sus¬ 
ceptible varieties. Two experiments were conducted, one from Jan¬ 
uary 18 to March 5, the other from March 12 to May 4. The air 
temperature was maintained at 22® to 24® except on sunny davs when 
it sometimes rose to 28® or slightly above for 4 to 6 hours. All inocu¬ 
lated crocks were run in triplicate, and the control crocks in duplicate. 
The progress of the disease was measured by the wilt index, except 
in the resistant variety in the second experiment, where the disease- 
development index was used because not enough complete wilting 
occurred to show the real effects among the nutrient concentrations. 

Air-dry weights of the roots and stems of the healthy plants grown 
in the various concentrations of nutrient solution gave no indications 
of significant differences, except that, in general, the weights of the 
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stems of roots of plants growing at 21° were greater than those of the 
plants growing at 27°. Seedling emergence at 27° was 2 or 3 days 
earlier than at 21°. Plants growing in the 6H nutrient solution had 
smaller leaves, were somewhat shorter, and were distinctly darker 
green in color. No difference was observed in the size of the plants 
grown in the other nutrient concentrations, but the plants m the 
O.lH solution possessed a lighter green color than those in the IH, 
3H, or 5H solutions. 

It may be well to consider the effect of nutrients on disease develop¬ 
ment first at 21°, which is near the optimum for host development. 
The reaction at this temperature as a whole may then be compared 



Fici’kk 8, — Effect of nutrient concentration on the development of symptoms 
in VViscoiKsin Perfection (resistant) peas ^rown for 23 days at a sand tempera¬ 
ture of 27° C: A, supplied with O.lH solution; supplied with IH solution. 
Note the leaf abscission and erect habit of stems in A. 


with that at 27°, which is near the optimum for the pathogen and 
above the average of the range ordinarily encountered for any pro¬ 
tracted period by p(»as in nature. The wilt indices of the susceptible 
plants are given in table 6. At 21° there was no significant difference 


Table %,—The effect of nvtrient concentration on the development of wilt in Davis 
Perfection (susceptible) peas grown in artificially infested sand 


Sand teni|)erotun.' 

rc.) 

Period of U?st j 

Wilt index at nutrient concen¬ 
tration— 

Mini¬ 
mum sig¬ 
nificant 

0.111 

IH 

3H 

1 

5H 

diflerenoe 

(19:1) 

21. 

21. 

Jan. t5“Mar. 6_ __ 

Mar. 12--May 4. 

Jan. L'i-Mar. R 

25.6 

26.2 i 

18.6 1 
21.1 1 

26 6 
28.2 
18.6 
24.9 

1 

23.8 I 
*40.8 

13.3 

11.4 

0) 

27... 

3.65 
3.75 

27.. . 

Mar. 12-May 4 __ _ i 


i 


1 Calculated F value indicated no significant difiTeronoos among the 4 nutrient concentrations. 

> 16.6 percent of the plants were diseased but not completely wilted at the end of the exixsriment. 
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betwopn wilt indices at the four nutrient levels in the midwinter, 
short-day, low-light-intensity run. However, in the longer-day rim 
with better light there was a definite increase in the wilt index and 
thus a slower development of disease with increase in nutrient con¬ 
centration. At this temperature there were so few of the resistant 
plants which reached the complete-wilt stage that it was impossible 
to calculate comparable wilt indices and data arc therefore not pre¬ 
sented in the table. In both of the tests with resistant plants at 21°, 
however, the disease was most severe at O.lH, less serious at IH, 
and absent at 3H and 5H. At 21°, therefore, the increase in nutrient 
concentration had a depressive effect on disease except in the sus¬ 
ceptible strain in midwinter when light was poor and days were short. 
Nutrition thus had the same general influence on wilt at this tempera¬ 
ture as described for root rot (Aphanomyces euteiches) by Smith and 
Walker 

The picture at 27° was quite different. Severe cortical necrosis was 
evident on roots and lower stem internodes of susceptible and resistant 
plants at the two highest concentrations, 3H and 5H (fig. 9). There 
was a definite decrease in the wilt index and thus an increase in rate 
of wilt appearance with increase in nutrient level in susceptible plants 
(table 6) in both light periods at this temperature. This held true 
also for the short-day, low-light run with the resistant variety. It 
will be noted, however, that in the spring run with the susceptible 
variety (table 8) the disease developed significantly more slowly at 
IH than at either O.lH or 3H. This was even more pronounced in 
the resistant variety where the cortical decay was greatest at 3H and 
5H. The result with the O.lH and IH concentrations coincided with 
that reported for the preliminary trial in October and illustrated for 
the resistant variety in figure 8. The plants at the 3H and 5H levels, 
however, showed increasingly severe necrosis and more rapid wilting. 
The resistant plants in the spring run at 21° and at 27° were removed 
at the end of the experiment and disease-develojiment indices deter¬ 
mined (fig. 10). The widely different reac.tion to nutrient concentra¬ 
tion at the two temperatures is quite evident. At 21°, where vascular 
invasion was moat prominent, there was a progressive decline in 
disease with increase in nutrient concentration. At 27°, on the other 
hand, where cortical decay entered the disease complex the rat(> of 
disease development declined when the nutrient level was raised up 
to IH but increased sharply as the concentration rose above that level. 

It is thus quite clear that temperature and nutrition each have an 
influence upon the type of disease reaction which prevails in sand 
culture. Generally speaking, under conditions of light and tempera¬ 
ture favorable to the host (21°) a truer vascular disease prevails and 
increase in the concentration of the nutrient retards the pathologic 
development in the susceptible and particularly in the resistant 
variety. At the optimum temperature for the pathogen (27°) cortical 
decay of the root system is the predominant disease reaction while 
vascular invasion is secondary. Moreover, the combined effect is 
most severe in very weak (O.lH) and in very concentrated nutrient 
levels (3H and 5II) and least severe at an intermediate level (IH). 
This pronounced appearance of cortical invasion in a fusarial disease 
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ordinarily regarded as quite strictly vascular by a shift in environment 
tends to break down any definite line between cortical and vascular 
fusaria. It recalls, furthermore, the situation in certain other fusarial 



Figure 9. —The effect of nutrient concentration on the development of cortical 
decay in sand held at 27° C. Davis Perfection (susceptible); B, Wisconsin 
Perfection (resistant). From left to right, plants grown in nutrient concentra¬ 
tions of O.IH, IH, 3H, and 5H, respectively. 

wilts, such as that of watermelon, in which at certain stages in host 
development the disease is predominantly cortical and necrotic while 
at another stage it becomes chiefly vascular and hypoplastic (S, S4)- 

478749—42-2 
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Fiottre 10.—The effect of four different nutrient concentrations on wilt develo|>- 
ment as shown by the disease-development index in Wisconsin Perfection 
(resistant) peas grown in sand held at 21° and 27° C. 

PATHOLOGICAL ANATOMY 

Previous histological examinations of the root systems of resistant 
plants grown under ideal conditions for soil infection failed to reveal 
the presence of the parasite in the stele (7, 21), Walker {21) found 
invasion in the outer cortical cells of resistant Alaska seedlings to be 
meager in contrast to that in susceptible roots when grown on soil- 
extract agar previously inoculated with the parasite. Thus, it was 
suggested that resistance to pea wilt in plants grown in soil or on 
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artificial media was expressed in the root-tip region. In this study, 
however, extensive cortical decay in both resistant and susc^tible 
plants was observed. Nodal isolations of resistant plants affected 
with the disease indicated that the organism had progressed to as high 
as the sixth node. In view of these facts, histological examination of 
the affected resistant plants was undertaken to determine the location 
and extent of invasion by the parasite, and to observe any notable 
reaction between host and parasite that might differentiate the resis¬ 
tant from the susceptible plants. 

Plants were removed from the sand, usually at the complete-wilt 
stage, and the desired sections were placed in either formol-acetic- 
alcohol or dioxan fixative. The staining procedure followed through¬ 
out was a combination of Mayer's haem-alum and orange G in clove 
oil (5, ]). 78). Sections were cut 10 to 15 microns in thickness. The 
presence of the organism in the tissue was verified by plating out a part 
of the surface-sterilized tissue above and below the section placed in 
the fixative. Pathogenicity tests of some of these isolates covering a 
varied range of cultural characteristics indicated the same difference 
in symptom expression between resistant and susceptible plants as 
when the original culture was used; no marked difference in virulence 
between the isolates of resistant plants and the original culture was 
observed. 

Penetration of the roots of both varieties was not limited to the root- 
tip region. In fact, many infected roots showed a sound meristematic 
region in contrast to that part behind the tip. Occasionally roots 
were found in which the upper extremity showed pronounced cortical 
decay, and the region between it and the growing point exhibited a 
complete collapse* of tissue not accompanied by any water soaking. 
In many instances, especially at the higher temperatures, the taproot 
and many laterals were decidedly browned and water-soaked. Transec- 
tions of such roots showc'd pronounced cortical and stelar penetration 
(pi. 1). Inasmuch as the fungus was found in the phloem fibers it 
apparently encountered little difficulty in passing through the endo- 
dermal and pericycli(! ri'gion of these roots (pi. 4, .^'1). Sections of 
resistant roots were frequently found in which the parasite occurred in 
the outer rows of cortical cells (pi. 1, A and /?). In such cases stelar 
penetration probably occurred at a lower level where cortical decay 
advanced to the stele. Hyphae were found in the xylem vessels of 
resistant plants as high as the first and second internodes (pi. 3, A). 
Nodal isolations indicated it had progresst^d still further in some plants. 

No differences were found between varieties with respect to the 
enlargement of the lower internodes (pi. 2, A to D). This might be 
accounted for by an inc.reasc in cambial activity, especially in the 
plane of the polar bundles, which resulted in an increase in phloem 
and xylem tissue. Evidence of proliferation of xylem vessels and 
parenchyma in the region of the phloem fibers was also observed (pi. 
4, B), These observations agree somewhat with those of Linford 
(fO), wherein he noted a stimulation of xylem pai*enchyma by aerial- 
wound inoculation of both resistant and susceptible plants. The 
hypertrophy of xylem parenchyma that Linford (S) observed when ho 
injected fungal filtrates through cut petioles of susceptible plants was 
not found in any of the diseased resistant plants. Another factor 
which might have accounted for the increased diameter of the wilt- 
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infected plants was the retardation in the development of the schizo- 
genous lacunae. 

Susceptible plants grown in sand at 27° usually exhibited a water 
soaking of the tissues in the first and second internodes when com¬ 
pletely wilted. In such plants the fungus was found abundantlv 
throughout the cortex and stele of these mtemodes (pi. 4, C). Suen 
water soaking was rare at 24° and below, and microscopic examination 
of such tissues indicated a situation comparable to that described by 
Linford (7) in which the fungus was confined to the stele. The fungus 
was found only sparingly in the xylem of completely wilted susceptible 
plants grown at 15°, and the aerial s;piptoms of such plants closely 
resembled those of the completely wilted resistant plants grown at 
27° and 30° (fig. 6). A transection of such a plant is compared in 
plate 2 with those of a completely wilted resistant plant at 27°, and 
corresponding healthy plants. The hyphae were found in only two 
xylem elements of the susceptible plants, but both these vessels were 
crowded (pi. 3, jB). The fungus occurred in more than two xylem 
vessels in the resistant plant, but hyphal invasion of any one v(*ss(4 
was limited to one or two hyphae (pi. 3, A), and deposition of granular 
and gumlike material was more prevalent. Microscopic (examination 
of other completely wilted plants grown at the higher sand tempera¬ 
tures indicated a greater frequency of occluded vessels in the resistant 
variety. Such occlusions were not necessarily associaU'd with invad(*d 
cells, nor did they appear to hinder the fungus in all cases (pi. 3, A: 
pi. 4, D). The protoxylem vessels appeared to be more frequently 
occluded than other vessels. Occasionally, cells wc^re found in which 
the hyphae appeared enlarged and somewhat granulated in contrast 
to the smaller and more normal-appearing hypluK' in the invaded 
cells of susceptible plants. 

CROSS-INOCULATION STUDIES 

The apparent break-down of wilt resistance in garden pea when 
plants were grown in inoculated sand supplied with a weak nutrient 
at high temperatures raised the question whether the host range of 
this organism could be extended under such conditions to hosts of 
other equally specialized vascular fusaria. Cross-inoculation ('xperi- 
ments were therefore made with this organism, the cabbage vellows 
organisni, and the tomato wilt organism, f\ oxysporum Schlecht f. 
lycopersici (Sacc.) S. & H. {F. btdbigenum var. lycopersici (Brushi) 
Wr. & R.). This seemed especially pertinent in view of the recent 
work of Armstrong et al. (^) and Smith and Shaw (75), wherein 
definite wilting of supposedly immime hosts was obtained by inocu¬ 
lation with various vascular fusaria under special methods of nutrition 
and inoculation. 

Two varieties of each host were used, one resistant and one suscep¬ 
tible to the respective organism which was known to be specialized 
to that host. The following varieties were included: 

Host: Resistant variety Smceptihle variety 

Tomato- . lied Currant ^___John Baer. 

Cabbage. -Jersey Queen...Round Dutch. 

Pea...Wisconsin Perfection_Davis Perfection 

* A highly resistant strain of this species {Lyeopersicon pimpineUifolium Mill.) was used. 










Transections of the roots of Wisconsin Perfection (resistant) peas. Af Penetra¬ 
tion of the outer cortical cells and stele, X105; B, enlarged portion of outer 
cortex in Ay showing intra-and inter-cellular penetration, X 433; C, enlarged 
portion of stele in Ay showing hyphae in metaxylem and protoxylem arm and 
also occlusions in some of the vessels, X 433; />, lateral root showing hyphae 
in cortex and stele and occlusions in some of the vessels, X 433, 




A to Cy Transections of the first iiiternodes of the plants illustrated in figure 7 
to show similarity in host-parasite relations in resistant and susceptible plants. 
All X 105. Ay Healthy Davis Perfection pea (susceptible) grown at 15® 
sand temperature; note the development of schizogenous lacunae and normal 
cambial activity. Wilted Davis Perfection pea grown at 15®; only two 
vessels are invaded but hyphae are abundant in those two; not(^ the increased 
cambial activity and development of secondary xylem and idiloem, especially 
in the plane of the polar bundles; the abundance of nuclei is the result of the 
development of adventitious roots at a lower level. See further enlargement 
in plate 3, B, C, Healthy Wisconsin Perfection (resistant) grown at 27®; 
note similarity to A, D, Wilted Wisconsin Perfection grown at 27®; compare 
with B for abnormal development of stelar tissues. Only one or two hyphae 
were contained in each of the invaded vessels; note the greater number of 
occluded and granulated cells. See further enlargement in plate 3, A, 




A, Enlarged portion of stele of wilted Wisconsin Perfection (resistant) pea plant 
grown at 27°, illustrated in plate 2, />, showing rather sparse occurrence of the 
fungus and abundance of granular and gumlike depositions in the cells; note the 
two hyphal ends in the granulated cell to the right and the intercellular p^e- 
tration of the hypha from a clear cell to an adjacent granulated ceU. ff, En¬ 
larged portion of stele of wilted Davis Perfection (susceptible) pea plant grown 
at 15°, illustrated in plate 2, B, showing abundance of hyphae m the only two 
invaded vessels. 



A, Transection of root of Wisconsin Perfection (resistant) plant showing penetra¬ 
tion of hyphae in the cortex, phloem, and pericycle, as well as in some of the 
phloem fibers, X 433. B, Transection of the first internode of a completely 
wilted Wisconsin Perfection plant at 30® C. showing an extreme reaction to 
infection; the fungus was present in the vessels, but not extensively. Note the 
cellular occlusions and the proliferation of vessels in the xylem region adjacent 
to the phloem fiber bundle, X 433. C, Longitudinal section of the first inter¬ 
node of a completely wilted Davis Perfection (susceptible) plant at 27®, show¬ 
ing an abundance of hyphae in the cortex and cambial region, as well as in the 
stele; note the apparent absence of occlusions. D, Longitudinal section of the 
first internode of Wisconsin Perfection plant at 27®, showing considerable plug¬ 
ging of the vessels, especially in the protoxylem; compare with C. 








Sept. 1,1942 


Study oj Resistance to Fusarium Wilt of Pea 


241 


The saad supporting the growth of these plants was held at 27° 
to 28° C., and supplied with the O.lH concentration of nutrient solu¬ 
tion. Seed of the pea varieties and transplants of the tomato and 
cabbage varieties wen*, planted directly in the artificially infested 
sand. For the sake of compatibility with respect to any predisposing 
influence, the seed for the cabbage and tomato transplants was sown 
in sterilized sand supplied with the 0.1 H nutrient solution and main¬ 
tained at approximately 28°. The crocks were planted with eight 
pea seeds and five to six transplants of cabbage and tomato. The 
inoculum was prepared as previously described for the pea wilt 
organism. The medium proved equally suitable for all three path¬ 
ogens; the inocula consisted entirely of microconidia and mycelial 
fragments. All crocks were planted in duplicate. Notes were taken 
on the initial appearance of the disease, full symptom expression, 
and death of the plants. 

Th(‘ results indicatcul that all three pathogens wen* specific to 
their n^spec^tive hosts under the conditions of this experiment. Davis 
Perfection (susceptible), inoculated with the pea wilt organism, 
su(‘cumbed to th(» disease 24 days after planting, while Wisconsin 
Perfection (resistant) exhibited the slow disease development character¬ 
istic of tlies(‘ plants under the conditions of low nutrient and high 
teimp(‘rature. Plants of John Bear tomato (susc('ptible) inoculated 
with th(‘ tomato wilt fungus, and Round Dutch cabbage (susceptible) 
inoculated with the cabl:)age yellows organism, were dead at the end 
of 17 days. No visible disease symptoms occurred on Red Currant 
tomato in sand artificially infested with the tomato wilt organism. 
J(Tsey Que('n cabbage (resistant), in th(‘ cabbage yellows sand. 
(‘xhibit(‘d a severe expression of the atypical symptoms described by 
Walker and Smith (^2); some plants died. Moreover, none of the 
hosts grown in sand infested with their respective nonspecific para¬ 
sites was diffcMTut in (‘xteriuil appearance from the corresponding 
control plants. 

Nodal platings of the surviving plants indicated that th.e pathogens 
might have pcuietrated th(» nonspecific hosts even though they did 
not give rise to any symptom expression. This was especially charac¬ 
teristic of the resistant and susceptible varieties of pea. Platings 
were made of the root, iuxd of the second, fourth, and sixth nodes of 
the stem. The respt'ctive fungus was recovered from the second 
nod(‘ of (^ach plant and from the root and the third or fourth node 
of a few plants. The constant location of the organism in the second 
node suggested that penetration occurred through the region of coty¬ 
ledonary attachment. The significance of these findings depends 
upon further studies and on re-cross inoculations with the fungi recov¬ 
ered from these plants. Nevertheless, the results indicate that of 
the three species only the pea wilt organism can produce symptoms in 
either the susceptible or tlie resistant variety of pea. 

DISCUSSION 

The fusarium wilt of pea has been of considerable biological interest, 
principally because of its several points of contrast with other related 
vascular fusarioses. Notable among these features have been the 
temperature relations, the symptoms, and the failure in attempts to 
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break down the inherent and clear-cut resistance of some varieties. 
The results presented in this paper show that, when the soil factor 
is eliminated by growing: peas in sterile sand artificially mfc'sted 
with a pure culture of the pea wilt organism, disease development 
increases directly with the temperature of the sand, up to 27®. Weight 
of the mycelium of the fungus grown in the nutrient solution with 
added carbohydrate, is also greatest at that temperature. Thus the 
optimum temperature of pea wilt is essentiallv similar to that of 
tomato wilt, cabbage yellows, and near wilt of pea. The extreme 
departure from the disease-soil-temperature curve might have been 
explained on the basis of a new physiologic form or race of F, ory- 
sporum f. pisi race 1 were it not for the fact that a parallel series 
showed that in plants growing in soil disease development was neither 
as rapid nor as severe at 27®. Linford (7) suggested that the re¬ 
tardation in disease development at soil temperatures most favorable 
for the growth of the fungus be explained on the basis of resistance 
induced in the host by the high temperature. This view hardly 
seems tenable in the light of the present results, unless one assumes 
that the effects of temperature on plants in soil are remarkably 
different from those in sand. One possible explanation of the differ-, 
ence in reaction in soil and sand might be found in a study of the 
biological antagonism to the pea wilt organism in the soil at high, 
temperatures. This suggestion does not seem too remote, when 
one considers the difficulty encountered by Walker and Snyder (23) 
in establishing the pea wilt fungus in certain types of soils, in contrast 
to the ease with which the cabbage yellows organism was (established. 

When plants were grown in sand held at 21® and supplied with 
nutrients at different concentration levels during that time of year 
when the periods of sunlight were fairly long, it was observed that the 
severity of disease development in susceptible plants decreased 
with a rise in the nutrient concentration level. Under the same con¬ 
ditions, the most severe development occurred in the resistant variety 
at O.lH, very little occurred at IH, and no evidence of disease was 
noted at 3H and 5H. These results are in agreement with those 
obtained by Smith and Walker (14) in a study of the relation of nutri¬ 
ent concentration to infection and severity of aphanomyces root rot 
of pea. During the middle of the winter, when the days were short! 
^and cloudy, the resistant plants reacted similarly but no significant! 
differences were obtained in the wilt indices of susceptible plants at 
the various concentration levels. No explanation of this discrepancy | 
can be given at the pres(‘nt time, but it would appear that a study 
of the effect of the duration and inteuisitv of light on the d(»velopmeiitl 
of the disease under the conditions of these experiments might yield 
important results. 

Wben plants were grown at 27®, the n'sults were altogether different. 
Instead of very little disease development o(*ouiTing at the 5H nu¬ 
trient, the disease was most severe at that level and no difference 
was observed between the susceptible and resistant varieties. Re¬ 
sistant plants succumbing under these conditions resembled the sus¬ 
ceptible plants in the O.lH nutrient level at 27®, except that the plants 
reached the complete-wilt stage in a much shorter time at the highest 
level. This occurred in both experiments, regardless of any possible 
effect of the light period. Cortical decay was very severe in the plants 
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at the high nutrient concentration level, and the abundance of fungal 
growth and its accompanying toxic action undoubtedly contributed 
to the rapid wilting. 

It will be noted that Linford (9) observed extensive cortical decay 
in susceptible plants grown in wilt-infested soil under pure culture 
conditions. Moreover, the artificialljr infested sand used in the pres¬ 
ent investigation very closely approximated a pure culture condition, 
and in addition, the biological factors of the soil were eliminated. 
Anderson and Walker (1) also observed extensive cortical decay in 
the root hypocotyl of the homozygous resistant cabbage, Wisconsin 
Bal^head, when grown in yellows-infested soil at high temperatures. 
Thus it is to be seen that two diseases, both considered to be strictly 
vascular and controlled by clear-cut resistance under natural con¬ 
ditions, can be changed in their host-parasite relations hy altering the 
conditions under which disease development occurs. Other fusarial 
wilts, such as watermelon wilt, muskmelon wilt, and fusarium yellows 
of celery, considered to be less strictly vascular wilts, develop a 
cortical (Iccay in the roots under less drastic changes in environal 
conditions. Nelson, Coons, and Cochran (11) observed extensive 
decay of celery roots in the field, expecially when temperatures were 
quite high, whereas cortical decay and seedling rot occurred in plants 
affected with watermelon and muskmelon wilt at relatively low soil 
temperatures (6, 12^ IS, 24 )- 

The thermal and nutritional relations of the host, the parasite,, 
and the interaction of the two may be seen to have an influence on 
the type and extent of disease developmeTxt. The extension of the 
patliogcn in the vascular system of the host was greatest at 24° sand 
temperatur(‘ and next most rapid at 21°. Swelling of the first stem 
inteniodc* following ijifection, due to vascular proliferation and to the 
lack of schizogenous lacunae, was greatest at 21°. These phases of 
the disease reach their peak, therefore, at temperatures close to 
that of optimum growth of the host. Cortical decay was greatest 
ni 27° and 30°, points beyond that of best growth of the host but 
coincident; with that for most rapid development of the pathogen. 
If this is compared with the thermal relations of watermelon wilt 
(12f 13f 24 ) it will be seen that the necrotic phase in the latter occurs 
chi('fly at the lower temperatures which are least favorable to the 
host, while the typical wilt symptoms and vascular invasion come at 
the higher temperatures which are favorable to the host as well as 
to the parasite. It is thus very apparent that the iiifluence of tem¬ 
perature on development of vascular wilts is not a simple one. The 
influence of nutrition throws much light on this question and further¬ 
more this is shown to be an important interacting factor. It is clear 
that with light and temperature conditions favorable to growth of 
the p(^a plant an increase in available nutrients results in suppression 
of disease development in both resistant and susceptible varieties. 
However, at a temperature most favorable to the pathogen and less 
favorable to the host high nutrient levels have an opposite effect m 
that they promote cortical necrosis and rapid wilt development. 

All attempts by other workers to break down resistance to pea wilt 
by such practices as severe root pruning and wounding of established 
plants or transplants has failed (7, P, 19, 21), Most of this work was 
done in soil or on soil-extract agar at about 21° C., which was con- 
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sidcred to be the optimum temperature for disease development. 
Occasionally evidence of slight invasion of the root tips of resistant 
plants was found, but, in contrast to the susceptible plants wdiere the 
organism progressed from the root tip through to the stele and involved 
very little cortical decay, further progress ceased at this point. As a 
result, resistance was suggested to be located in the undifferentiated 
tissues of the young roots. In this investigation it was found that, as 
in cabbage yellows (f, 22)^ resistance to pea wilt was not retained at 
high sand temperatures. Resistant plants developed above-ground 
symptoms at high temperatures quite similar to susceptible plants at 
the lower sand temperatures of 15° and 18°. Coincident with slow 
wilt development in susceptible plants at 15° there was a very sparse 
invasion of the vascular ehments and no cortical decay. In resistant 
plants ginwii at sand temperatures of 27° and 30° hyphal accumula¬ 
tion was also very sparse, but the internal reaction in such plants was 
not exactly the same as that of susceptible plants at 15°. In sus¬ 
ceptible plants growing at 27° in sand supplied with either the O.lH 
or the 5II nutrient solution and in the resistant plants supplied with 
the 5H at the same temperature very rapid wilting usually occurred. 
In such plants wilting simulated that in the severe dc^velopment of 
tomato wilt. Cortical decay was extensive throughout the root systcun 
and the kwer internodes, but wilting did not result from a collapses 
of the water-soaked lower internodes, since they were the last to 
collapse, indicating that the rapid wilting from the tip down might 
have been due to an abundance of toxin produced by the fungus. 
Hyphae were found in abundance throughout the cortex and stele of 
these lower internodes, but further extension through the xyhun and 
cortex seemed to stop leather abruptly. From thc^se observations it 
would appear that the severity of disease expression was relatcrl to 
the amount of hyphal invasion. Additional evidence in support of 
this suggestion wras brought out in the nodal isolations of cornph^ely 
wilted plants grown at the various sand krnperatures. 

In addition to the very close similarity in symptoms between the 
susceptible plants at the low temperature and ivsistant plants at the 
high temperatures under conditions of low nutrition, microscopic ex¬ 
aminations of th(‘ epicotyledonary tissues indicated that hyphal in¬ 
vasion of the stele was very sparse. Evidences of disturbances within 
the susceptible host were only rarely fourjd, even in those rapidly 
wilted at the higher temperatures. Depositions of gumlike and gran¬ 
ular materials were quite common in the stelar tissu(*s of the epicotyl 
of resistant plants, and occurred to a less(»r (‘xtent in th(‘ root. Almost 
all of the invaded vessels in resistant plants contained only one or tw'o 
hyphal strands in tin* epicotyledonary tissues, in contrast to the root 
tissues where invasion of both cortex and stele was quite abundant. 
This fact, together with the pronounced host reaction, w^ould seem 
to indicate that, even though well established within the root system, 
the organism progressed with difficulty through the resistant stem 
tissue. The evidence obtained from these studies seems to indicate 
that resistance to pea wilt is not necessarily located in the undifferen¬ 
tiated tissues of the root, for even though the organism invades the 
entire root system, it is still hindered in its progress through the stelar 
tissues of the stem. Tlie nature of this hindrance would in a large 
part determine the nature of resistance. 
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The results obtained in the cross-inoculation studies vahdate those 
obtained with respect to the break-down in resistance to pea wilt under 
conditions of veiy low nutrition. Cross inoculations of susceptible and 
resistant varieties of tomato, cabbage, and pea with their respective 
fusarial wilt pathogens failed to alter their specificity, although the 
nodal isolation of these plants indicated that the fimgi had penetrated 
the nonspecific hosts. The extent of penetration, as measured by the 
nodal isolations, was no greater in the resistant pea variety inoculated 
with the pea wilt organism than in the same variety inoculated with 
the cabbage yellows or tomato wilt pathogens. The presence of the 
pea wilt fungus in the plant, however, produced definite wilt symptoms; 
whereas no symptons w'ere observed on the same variety infected with 
the other two pathogens. Armstrong et al. (^) studied cross inocula¬ 
tions of various crop plants with their respective fusarial wilt pathogens 
and found that some were successful with respect to symptons; others 
were not, although in many cases the fungus was recovered. The 
three pathogens used in the studies made by the writers were not 
included in Armstrong’s work. These results, although not con¬ 
clusive, suggest the possibility that a given fusarium pathogen may 
b<*come established in a nonspecific host without producing symptoms, 
either h(K;ause of its inability to produce a wilt-inducing toxin in that 
particular plant or because of the ability of the plant to tolerate any 
toxin produced. 

SUMMARY 

The investigations comprised a study of the influence of temperature 
an<l nutrition upon the development of fusarium wilt of pea {Fusarium 
oxysporum f. msi race 1) in a susceptible and a resistant variety. 

Under conditions of controlled nutrition and temperature in sand 
artificially infested by means of a suspension of microconidia and 
hyphal fragments, the optimum temperature for disease development 
w'as fouiul to be 27° and 30° C. instead of 21° as previously observed 
in infested soil. Air temperature had relatively little influence on 
dis<*a8e development. The fungus grew' best at 28° w'hen cultured in 
the same nutrient solution used in the sand culture of the host to 
which carbohydrate had been added. 

The severity of disease development in the susceptible plants 
appeared to be dirwtly proportional to the temperature, within the 
range studied. Symptons varied from a very slow wilt characterized 
by leaf necrosis and abscission at the low sand temperature to a very 
rapid wilting at the highest temperature studied. Cortical decay 
occured to some extent at all temperatures but was most severe and 
involved the lower internodes only at the optimum temperature. 
The greatest progress of the fungus up the stem occured in those 
plants growing at the 24° and 21° sand temperatures. The lower 
internodes of diseased plants were significantly greater in diameter 
than the corresponding control plants. 

The development of the disease in the homozygous resistant plants 
varied from off color and very slight incurving of the lower stipules 
and leaflets at the low temperatures and low nutrient concentration to 
severe wilting at the very highest concentration and optimum temper¬ 
ature. At high temperatures and low nutrient concentration diseased 
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resistant plants were similar to diseased susceptible plants at the low 
temperature. 

The disease development in resistant and susceptible plants at vari¬ 
ous concentrations of the nutrient solution was found to depend upon 
the sand temperatures. Four nutrient solutions, differing only in total 
salt concentration and designated, in order of concentration, as O.lH, 
IH, 3H, and 5H were used. At 21“, the time required for the appear¬ 
ance of complete wilting in susceptible plants varied directly with the 
concentration of the nutrient solution; in resistant plants disease 
development was most severe in the O.lH solution, and none occurred 
at the higher concentrations. At 27°, disease development was most 
severe in the 5H solutions, and no differences in sjmiptoms were ob¬ 
served between susceptible and resistant plants. The least amount of 
disease development in both resistant and susceptible plants occurred 
in the IH solution; that at the 3H level was quite variable. In the 
O.lH solution, resistant plants developed a very severe case of slow 
wilting, while susceptible plants approached the rapid wilting occurrent 
in the 5H solution. 

No differences were found in the ^wth rates of the fungus on agar 
media made from the nutrient solutions employed in the sand culture 
with added carbohydrate that could account for the differences ob¬ 
served in the disease development of plants growing in the different 
solutions at any given temperature. 

Microscopical e.\amination of diseased resistant plants indicated ex¬ 
tensive cortical and stelar penetration of the roots. Stelar penetration 
was observed in sections taken from the first and second internodes; 
nodal isolations indicated still higher advances. More pronounced 
host reaction to the fungus, in the form of granular and gum-like de¬ 
positions and scarcity of hyphal strands, was observed in resistant 
plants at the high temperatures than in susceptible plants at either 
high or low temperature. 

Cross inoculations of susceptible and resistant varieties of tomato, 
pea, and cabbage with their respective fusarial wilt pathogens under the 
conditions of high temperatures and low nutrient sand culture indicated 
that the break-down in pea wilt resistance could be accomplished only 
with the pea wilt organism. 
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INFLUENCE OF HEREDITY AND OTHER FACTORS 

ON 

180-DAY WEIGHT IN POLAND CHINA SWINE' 
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INTRODUCTION 

Rate of gain to market weight is one of the important factors in 
economical swine production, since rapid gains cause lower mainte- 
naiK^e (*osts and presumably indicate more vitality and a higher degree 
of health. If breeders are to make the best use of selection and 
various breeding systems in improving rate of gain in their herds, it is 
important to know something of the heritability of individual differ¬ 
ences in this cliaracter. This paper presents a study of the effect of 
certain environmental factors on weight at 180 days of age and esti¬ 
mates of what part of the variance is hereditary as determined by the 
resemblance between certain kinds of relatives. 

Few quantitative studies have been juade of the influence of heredity 
on growtli rate in swine. Lush and his coworkers (5y concluded 
that 6 percent of the total variance in birth weight was attributable 
to differences in the heredity of the pigs, 47 percent to the environment 
common to litter mates, and 47 percent to the environment not com¬ 
mon to litter mates. A part of the environmental effects common to 
litter mates may of course have been due to hereditary cliaracteristics 
of their dams. From the correlations between certain relatives, 
By wat ers (]) con<‘luded that one-fifth of the variance in weaning weight 
was determined by the heredity of the pig. Lush (4) studied Danish 
testing-station data and concluded that one-fifth of the variance in 
daily gain while the pigs were on test could be attributed to additive 
genetic effects. Smith and Donald (G) observed the correlation be¬ 
tween the growth rates of litter mates to be 0.3 and 0.5 for litter sizes 
of 8 and 9, respectively. They concluded that at least one-fifth of the 
individual variance in growth rate was due to additive genetic factors. 

MATERIAL AND METHODS 

The data for the present investigation were taken from an inbreeding 
experiment with Poland China swine begun at the Iowa Agriculturcd 
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Experiment Station in 1930. A brief history of the foundation 
animals has been givcm by By waters {1). Th(^ foundation stock 
consisted of 27 sows and 3 boars purehas(»d from various breeders. 
Some of tlu' sows wer(^ alr(*ady bred when purehas(Ml and througjh 
these the offspring of 3 mor(» boars w(Te included in the foundation 
stock. No outsid(‘ blood was introduced into the herd after 1930. 
Most of tlie foundation animals were not inbr(‘d. The 12 which were 
inbred had inbreeding coefficunits of h'ss than 4 percent. All inbreed¬ 
ing coefficients wc^re computed on pedigrees traced to 1925 as a base 
date. 

Eeeh season the general breeding plan was to use four boars and to 
allot the sows so that each boar was mated to a gi’oup approximately 
eciual to th(' other groups in average age, past productiveness, type, 
and in relationship to the boar to which they were bred. In tlu' fall 
of 1937 the herd became a part of the Regional Swim' Breeding 
Laboratory lu'rd, and the original four-sire lu'rd was split into sevi'ral 
noninterbreeding lines within wdiich there wen' different rat(‘s of 
iidm'cding. Hown'ver, the present study imiudes oidy one pig crop 
after the separation of lines, and the lines had not vet divi'rged far 
enough from the original four-sin' herd to be materially diffen'iit from 
each other. 

During tin* gestation and suckling period all sows wen' fed and 
managed in the same manner. Bigs were w^eam'd at bO days in the 
first years of the experiment, but beginning witli the fall of 1937, the 
weaning age w^as advanced to 5(1 days. After weaning, the ])igs w^'re 
fed good rations and were managed in accordanei' witli good practice's, 
which should have permitte<l them to show^ their capabilities. Al- 
thougli the pigs wen' not all fed and handled in exactly the same way, 
th(' diffen'iit treatments wc'n' all reasonably good and tin* avi'rage 
180-day weight of the p’oups on different treatments varied little. 
When the data W('re (‘orrected for su(*h treatment diff(*i('nc(*s as did 
exist, the analyses gave' results in such close agreement with thi' 
uncorrc'cted data that corrections for treatment differences w^('r(' not 
considered necessary for th(' present analysis. 

The data cov(*red 5 spring farrowing S('asons (from 1934 through 
1938) and 3 fall farrowing s(»asons (1934, 1935, and 1937). Tlie 1,394 
pigs produced during this period worv in 207 litters, which were out 
of 151 sows and by 23 boars. 

Weight at 180 days, ratlu'r tlian at some otlu'i* age, w’as s(‘lected 
as the measure of gain in this study because at this ag(' tlie faster 
gi*owing pigs should Ix' approaching a di'sirabh' market weight of 
200 to 225 pounds. For pigs w'eighed a few^ days older or younger 
than 180 days, the 180-day weight was estimated by multiplying the 


actual w^eight by 


(180-00 ) 


This adjustment w^as derived 


(actual ag(^ 

from the intenx'pts of straight lines fitb'd to several gi’owth curves 
as was suggested by By waters and Willham (2), A later study 
revealed that an intercept of 60 days gave more consistent results 
than the intercept of 65 days suggested by Bywaters and Willham. 
The data were analyzed chiefly by means of correlation, regression, 
analysis of variance, and covariance (7). 


« Whatley, J. A., Jr. a method for comparing the growth rates of phjs wkigheo at different 
AGES. Unpublished thesis. Iowa State ('ollege, Ames, Iowa. 1937. 
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INFLUENCE OF DIFFERENT FACTORS AFFECTING 180-DAY 

WEIGHT 

INFLUENCE OF INBREEDING 

The averaji:(‘ inbreed in of all pip was 14.7 percent, which is slightly 
highc'r than the inbreeding resulting from one generation of half- 
brother and sister mating (12.5 percent). The average weight and 
average inbreeding for each farrowing season are plotted in figure 1. 



Th(' average weight decreased slightly during the period studied, 
while tlu^ inbreeding gi*adually increased. The inbreeding was low 
in tlu' fall st»asons of 1934 and 1935, b(‘cause at that time the policy 
was to produce^ fall pigs only from sows at h*ast 214 years old, and these 
naturally w(‘re less closely related to the boars than were sows br(‘d 
for spring farrowing, about half of which were gilts. The average 
inbreeding of the sires and dams of the pigs was 9.3 percent. 

A correlation of —0.17 ±0.03 ^ was observed between tlie inbreed¬ 
ing and the 180-day weight of pigs born in the same farrowing season. 
The corresponding regression coefficient was 0.76 pound decline in 
180-day weight for each 1 iK»rcent increase in inbreeding. Table 1 
shows the average 180-day weights when grouped according to the 
pt'rcentage of inbreeding. Except in the last two classes there was 
a noticc^able decrease in weight with an increase in inbreeding. 
The sharp rise in weight in the two classes with the highest inbreeding 
may have been due to sampling errors, since the number of pigs in 
these classes was small. 

< The figures after the d= signs in this paix^r are standard errors. For correlations they were computed 
according to the formula , which seemed a good enough approximation for correlations no larger than 

V«“2 


those. 
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When each litter was treated as a unit (rather than each pig as 
above), the correlation between 180-day weight and inbreeding was 
—0.19±0.06. The effect of the dam^s inbreeding was negligible in 
these data, but as this mild inbreeding system was really just getting 
well under way, none of the dams were highly inbred. 

INFLUENCE OF SEASON AND OF YEAR 

The average 180-day weight of all pip was 180.3 pounds and the 
standard deviation was 31.3 pounds. Figure 2 shows the distribution 
of the weights of the 1,394 pigs. 



150 170 190 eiO 

WEIGHT (POUNDS) 


230 250 


290 


Figcke 2.—Distribution of 180-day weights of 1,394 pigs. 


The average weight of the 1,190 spring-farrowed pigs was 178 
pounds as compared with an average w(*ight of 194 pounds for the 
204 fall-faiTowed pigs. The diffenuice of 16 pounds was highly 
significant statistically and is large enough to be economically im¬ 
portant. Its importance as compared to other sources of variation 
is shown by the fact that the mean variance within pairs of pigs, one 
of which was born in the fall and the otluu' in the spring, was 12.8 
percent larger than the mean variance Ix'tween pigs born in the same 
season. 


Table 1.— EcgreH^ion of t80-day weight on percent of inbreeding 


Inbreeding (iHTcent) 

Litters 

PiRs 

180-day 

weight 

Inbreeding (|)ercont) 

LitU‘rs 

Pigs 

IKO-day 

weight 

3..__ - 

9. 

15.. 

21 

Number 
20 
88 
77 
40 1 

n 1 

Number 

109 

473 

308 

243 

01 

Pounds 

199 

187 

177 

177 

160 

33.. . 

39 . -. 

45. 

Number 

20 

4 

1 

Number 

92 

14 

4 

Pounds 

150 

192 

178 

27 ... .. 

Total or average . 

2(>7 

1.394 

180 

1 
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In measuring the effect of year-to-year changes on 180-day weight 
only si)ring-farrowed pigs were considered, since fall pigs were not pro¬ 
duced in all years. Among the spring-farrowed pigs the mean square 
between years was significantly larger than the mean square between 
litters farrowed in the same year. The variance between pigs born 
in different years averaged 11 percent higher than that between 
pigs born in the same year. This expresses quantitatively, for 
comparison with other sources of variance, the importance of the 
year-to-year variations in mean weights which are shown graphically 
in fipire 1. It seems likely that a part of this year-to-year variation 
results from the time trend toward more intense inbreeding. 

INFLUENCE OF DAM’S AGE 

The influence of age of dam on the weight of pigs at 180 days was 
not statistically significant, although the figures in table 2, if accepted 
at face value, do indicate that pigs from older dams were slightly 
heavier. The superior nursing ability of the older dams might account 
for this slight difference (if more extensive data prove its reality), but 
also the older dams were selected in part on the performance of their 
previous litters and this might account for some such difference. 

Table 2. — At^erage ISO-dny weightfi of spring and fall pigs from dams of different 

ages 


Sfiriiij? I Fall 




! 

Av('raK<* 



Average 


Af!(‘ (if diun (years) 

riKs ; 


Age of darn (>i*ars) 

Pigs 

180-day 



wt'ijjht 



weight 



I 

^suinhfr ' 

Pounds 


Xumher 

Pounds 

1 

. 

t i24 i 

174 

1.5 . . .. 

35 

192 

2 


mi 

189 

2.5 . 

99 

195 

.L 

1 

lao 1 

182 

35 . 

27 

1 189 

4 


77 ' 

1K9 

4 5. . . ... 

27 ' 

193 

r> 


49 ; 

182 

5.5. _ 

16 i 

j 206 

(> 


11 

104 


1 



Tdtal i 

L190 1 

17h 1 

1 I 

r ■ ■■ : 

! 204 1 

i 1 

1 194 

1 


INFLUENCE OF SEX 

Gilts weighed about 4 percent less than barrows and boars at 180 
days, and this differeiuje was highly significant statistically. The 
average weight of the 094 males (1)20 barrow's and 74 boars) w^as 184 
pounds and tiie average weight of the 700 gilts w^as 177 pounds. The 
variance between pigs of unlike sex was about 2 percent larger than 
the variance between pigs of the same sex, 

INFLUENCE OF BIRTH WEIGHT AND WEANING WEIGHT 

The usefulness of birth weight and weaning weight for predicting 
weight at 180 days w’^as studied with intralitter correlations between 
the three weights. The intralitter basis was used in order to eliminate 
the effects of environmental conditions wiiich may have varied from 
litter to litter as well as from season to season. The correlations wrere: 

0.55 ±0.02 between 180-day weight (11^ and weaning weight (F) 

0.43±0.02 between 180-day weight (IF) and birth weight (Z) 

0.48±0.02 between weaning weight (F) and birth w’eight {Z) 
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The multiple correlation coefficient with 18()-(iay weight dependent 
on birth weight and weaning w^eight was 0.58, as compai’ed with a 
simple correlation coefficient of 0.55 between 180-day weight and 
weaning weight. Birth weight added to the multiple correlation only 
a little information that was not already included in the weaning 
weight. The standard net regression coefficients (betas) were +0.45 
for weaning weight and +0.21 for birth weight or, in terms of a score 
card, weaning weight is twice as useful as birth weight in predicting 
weight at 180 days. The part of variance in 180-day weight that 
would have disappeared if both birth weight and weaning weight had 
been held constant was 33.0 percent. Weaning w’eight accounted for 
20.2 of this, birth weight 4.3, and the joint effects of birth weight and 
weaning weight 9.1. 

STATISTICAL STUDY OF HERITABILITY 

REGRESSION OF THE VARIANCE IN 18C-DAY WEIGHTS ON THE (lENETIC 
RELATIONSHIP BETWEEN PIGS 

Related individuals arc likely to have received some' of the saim^ 
genes from common ancestors and for that reason the}" may ho (‘xp(‘ct(»d 
to be more alike in their hereditary traits than an^ unrefated individ¬ 
uals. Th(‘ variance remaining within a pair w4u)S(‘ imanbers an* 
genetically identical is that due to environm(*nt. Wright's {10) 
coefficients of relationship measim's the probable geiu'tic likeiu'ss 
between individuals related in various w^iys by d(*sc(‘nt. By comput¬ 
ing the regi*(»ssion of the variance between pigs on their r(‘lationshi]) to 
each otlier in an actual population of pigs showing a considcTable 
range of relationships to each other, it is possible to estirnati* how much 
variance among unrelated pigs in this population was caiis(‘d by differ¬ 
ences in their heredity and how^ much by diff(*renc(*s in their environ¬ 
ment. 


Table 3. * Jllustration of the intralot pairing of pigs for computmg the regression of 
the variance in ISO-day weight on the genetric relationship between ptgs 


Pivt.'' paiml 


Ri'lfttionship I V'armncc in 


18/5 and 
328 and 252 
94 and 200 
121 and 175. 

82 and (1214-175) .... 
(94+200) and (323+252). 


Pound/t 


0 2(M) 

128 

. 192 

288 

451 

32 

. 09r» 

180 

. 2(M) 

140 

. 2(95 

1.930 


In arranging the data for this part of the analysis, only pigs that 
wore kept in the same lot wen* compared. This was done in order to 
eliminate as much as possible of the variation due to controllabh* 
environment. No pig was compared with a litter mate. This n*stric- 
tion on the pairing w^as made to insure that differences between dams 
would exist in every comparison. Thus tlu* larger common environ¬ 
ment of litter mates than of nonlitter mates was not pi'rrnitted to 
affect the regression. One of the pairs in each lot consisted of the two 
most closely related pigs and another consistinl of the two least closely 
related pigs. The remaining individual pigs were paired at random. 
If odd pigs left over from pairing were present, tlu^y were matcluHl with 
one of the pairs, then one pair was matched wdth another pair. Groups 
of three or more could have been paired with each other to use all the 
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information about the intralot variance in ISO-day weight; however, 
th(‘ extra information gained by including these complex comparisons 
was not thought to be worth the extra computation necessary. Table 
3 illustrates this pairing in one lot of nine pigs. In the first four liiu's 
the relationship co(‘fficient is simply Wright's {10) coefficient of rela¬ 
tionship ])etween two individuals related by descent. Pigs 121 
and 175 were paired because they wTre the least closely related pair in 
this lot, while pigs 94 and 200 were the most closely related. In the 
fifth lijie the relationship is the probable correlation Ix'tween the geno¬ 
type of pig 82 and an average of the genotypes of pigs 121 and 175, while 
th(^ variance similarly is that cori’esponding to the one degree of freedom 
between the weight of pig 82 and the average weight of pigs 121 and 175. 

Figure 3 is a path-coefficient diagram showing how th(‘ correlation 



Fic.i HK 3. - l*ath-cocfric*i<*nt diajJtrani of (tie biometric relations involved in the geno¬ 
typic correlation between one pig and the av<*rage of two others, and between 
the averages of two pairs of pigs: (’orrelation (left) of pig 82 with the average 
of pigs 121 and 17o; ctirrelation tnghi) of B, the average of pigs 94 and 200, with 
tlu* av(*rage of (ligs 323 and 252. 


betwe(*n tin* g(*n()typ(* of pig 82 and A was completed. r<^ 2 ^A^ 

hjc^ ax' wliicli— - . if / - x'. Now and These 

in*(*d not be exactly identical but will !H>t vary much since (Ti 2 i — 
V 1 + F 121 times tin* genetic standard deviation in tlu* population 
at the* bast* date to wh.i(‘h pedigrees w(*re traced for computing rela¬ 
tionships, and i+Fi 75 times the same standard deviation. 

The range in inbrt'eding (‘oefficients was not enough to cause x and x' to 
1)0 v(*ry different in most pairs in this population. For convenience 
wtis computt'd by the above formula which required only 
tlu* subslitutiou of a—0.113, 5 = 0.193, and c = 0.096 to yield 0.206 
in this case. 

In a similar way the correlation between gtuiotypes in a comparison 
of two pigs with two othei’S (fig. 3, right) is as follows: 

^~the average genotype of pigs 94 and 200, and G is the avenxgc 
genotype of pigs 323 and 252. 

zey^zdy' + z'gy+ zf\/ ^ 

the sum of four covariances of 94 and 200 with 323 and 252 
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It seems approximately correct to assume that and y—y' but 

not that z—Vy since i and h may be quite different. Some pairs were 
selected for the voiy reason that they were slightly correlated geno¬ 
typically and others wcue chosen bt'cause tiny were highly correlated. 

Therefon' r^c was computed as equal to figure 

3 (right), wdiere f/=0.128, f=0.l32, /—0.256, <7—0.183, /t=0.451, and 
i—0.192, rBc“0.266, which is shown in the bottom line of table 3. 
The figures in tlu' last column of table 3 are mean squares correspond¬ 
ing to each individual d('gree of freedom, and were obtained by dividing 
the squared difference iii a (1 — 1) comparison by 2, in a (twdee 1—2) 
comparison by 6, and in a (2 — 2) comparison by 4 (7, pp. 291-295), 
Table 4 shows an analysis of covarianc(' for the 842 independent 
intralot comparisons. The average regi-ession e(|uation, based 
on th(» pooh‘d intralot variances and convariances and the g(‘inu*al 
means, was F—801.7—240.5/?. This straight line is plotted in figure 4. 



Figt rk 4.“- Regression of the variance in ISO-day weights on the relationsliip 
between members of S42 pairs of i)igs. 


Tli(' standard error of this regi^ession coefficit^nt ( — 240.5) is approxi¬ 
mately 33. For ('ach 1 percent incn'ase in ndationship there was an 
average d(‘crease of 2.4 in the variance' IxUw^et'n pairs. 

From this regn'ssion equation, F==801,7 wluui /?—0. This would be 
the variance expe'cted Ix'tween unredated pigs which W(']*<* lot mate's 
and would include all the variance due to their difference's m lu're'dity 
plus all the' variance due to environmental variations, known anel 
nnknowui, wdlhin the lots in these expe'rirne'nts. Substituting /?==1.0, 
yielels y==5()I,2 as the variance expected within an isoge'nic line kept 
under the same conditions as these pigs were kept. Henere', 


801. 7-561.2 
801.7 


0. 30—the fraction of the original variance which was 


due to diffe'rences in heredity. 
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Because most of the relationships on which this regression line was 
fitted W('re low, and because the line curves downward as R increases 
if dominance exists and if there are epistatic combination effects 
among the gen(*s aff(»cting 180- day weights, this method overestimates 
the variance which would remain in an isogenic line and hence under¬ 
estimates heritability. No basis for estimating the magnitude of this 
discrepancy is apparent. All that can be said concerning it is that this 
estimate of 30 perc(»nt includ<‘s all of the additively genetic part of the 
variance plus an uncertain but probably small fra(‘tion of that due to 
dominanc(* and epislasis. 

Tablk 4 .—Regression of variance in 180-day weight (V) on genetic relationship 
{R) among lot mates, maternal sihs excluded 


Source of vjinanct 


IJetweeii lols 
Witliin lots _ 

'^rotaL- 


I M<‘un n~i) :vi(). 

* Mt'Hii r—719. 9 

Each ndatiouship between gcuiotypes is a statement of the degree 
of likeness which would most probably result from the normal opera¬ 
tion of th(^ Mendelian laws of inheritance and is not an actually 
ineasur(»d obs<‘rvation. For example*, the computed relationship 
betwi'en jiigs 145 and 185 was 0.200 but if the actual identity of all 
their gcuies coidd lx* known, ea(*h weighted by how much it affects 
180-day weight, it could readily happen that 0.18 would be the real 
mi*asure of likeness, while* in another pair with the same e*o(*fficient 
th(^ n*al like^ne*ss might be 0,23. This introeluce*s some*, random error 
into the inelepe'iielent variable* anel th.iis tends to blur or flatte*n the 
re*gre*ssie)n anel to make the e*stimate of h(*ritability teio k)w. This 
weiulel be* important if only a fe'W geni(*s were involve*d, as then the 
Me*nele*lian sampling e*rror woulel be large relative to the range. But 
it weiulel lie uniinpeirtant if, as se'e*nis more probable, a very lai'ge 
number eif g('ne*s afre*ct 180-elay weight whiedi, aftt*r all, is a complex 
re*sult of a large number of boely parts anel ph.vsiole)gical processes 
many eif whie*h in turn are lhemse*lve*s genetie*ally complex. 

It sheiulel also be re*m(*mbered that the* environme*ntal variance 
hen* is that within lots. In a population freun many lots and many 
y(*a.rs th(*re would almost ceM’tainly be a larger environme*ntal variance 
and corre*spe)nelingly lowe*r heritability elue* to e*nvironmeutal differ¬ 
ences betwee*n leits anel between years. 

INTHASIRE RBGRESSieiN OF OFFSPRING ON DAM 

From the mate's anel of!spring of 15 boai^ which each sired pigs 
out of 2 or more sows, an intrasire corre*lation of 0.15 between the 
weight of the offspring and the weight of the dam was observexl. This 
analysis includeHi 756 pigs from 150 matings. The dams were them- 
sedves selected partly on the*ir owm 180-day weight and were much 
less variable, than tlieir offspring, as figure 5 shows. The intrasii'c 


I )egr(H‘s 
of free¬ 
dom 

Sum of 

Sum of 

Sum of 


stiuares for 

cross 

squares for 

Regression 

relationship 

(/?)* 

prwlucts 

(PV) 

variance 

(r)2 

cot*fflcieiit 

! m 

i 1 91 

1 

209,2«l,2t19 i_ ... 

I T.W . 

10 80 j 

-2.598 j 

634.051.075 

-240.5 

1" 

l" ' 

-1.216 

S43,882.344 

-95 6 
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DEVIATION IN WEIGHT (POUNDS) OF DAM (D) 


Figure 5. —The iiitrasire regr(*ssioii of the 180-day wei>?ht of the offspring on 
the 180-day weight of the dam; points plotted as d(‘viations from the average 
of offspring and from the average of mates of each sire. 
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standard dt'viaiion of tlio offspring was 32.5 pounds, while that of the 
dams was 16.0 pounds. This smaller variation in the dams^ weights 
makes it necessary to use regression of offspring (the unselected 
variable) on dam (the selected variable), rather than the correlation 
between them (/?), as a basis for estimating heritability. The intrasire 
r('gr(»ssion coefficient of the weight of the offspring on the weight of the 
dam was 0.31, which is to say th.at a difference of 1 pound between th ‘ 
180-day w(4gl»ts of 2 sows mated to th(‘ same boar on the average 
resulted in 0.31 of a pound difference in the 180-day weight of their 
offspring. Doubling this (because only half of tlui offspring inheri¬ 
tance conu^s from tin* dam) yields 0.62 as the heritability of differ¬ 
ences in 180-day weights among gilts wiiich later were mated to the 
same sin*. This fraction includes all of the additively genetic variance 
plus less than half of the (*pistatic variance. 

Tin* r(*gr(*ssion of the offspring weight on tlxe dam’s weight is plotted 
in figure 5, as an* tlie individual deviations from this line. The weight 
of (*ach offspring is expressed as a deviation from the average of all 
offspj-ing of that sire and the w(*ight of tin* dam is expressed as a devia¬ 
tion from tin* av(*]-age of all dams mated to that sire. This (*liminates 
the diffei’(*nc(*s b<»tw(*en tlie means of mates and means of offspring of 
different sin*s and makes tin* dam-offspring paii*s from the different 
sires visually comparable. 

(’OHRELATIONS BETWEEN SIRS 

(\>rn‘lations b(*tween the 180-day weights of litter mates and of 
pat(‘rnal half-sibs w(*r(‘ ch*duc(*d from the analysis of variance (3) wdthin 
litters and b(*twe(*n littc'rs from the sann* sire. Diff’erences between 
farrowing seasons wen* (‘liminated by analyzing each of the (*ight 
farrowing seasons s(*parately and then combining the results into an 
average* intras(*ason analysis which is shown in table 5. 

Tabt.k .■). Ifi/raseasov aftalyms of variance of 180-day weight due to titter and sire 


Stnirtv of NanaiiCH’ 

Decrees (*r 

Sum of ' 

.Mean 

! freedi'iii 

stpum's 1 

sijuare 

H^‘t^^oen sin*s 

: 29 


4. O'*,!. 2 

Between litters by the same sin> 

; 2:tt> 

49.'S,2M i 

2, l.V*.. 4 

Bet\\et*n 111 tors 

I 2r»9 

1 012.275 I 

2.3(W 0 

Wilhin litters 

: 1.127 

1 749. ;U4 1 

! __ ! 

9 


; i,3s<) 

I.:i52.9l9 ' 

975. 9 


Tin* variance* in table 5 was scparate*d as fexllows on the* basis of 
source*s of eliffe*re*ne*e*s be*twe*e‘n individual pigs: 

.1 —variance witlun littors (- 6.56.9) 

li~ additional varianco between paternal half-siUs 

C- additional variance between nonsibs 

Conse'qiie*ntly, A-\~ B + G \» the variance found within random paii*s of 
nonsihs, A-^B is the variance found within random pairs of paternal 
half-sibs, and A is the variance found between litter mate*s. 

Th.e mean square* be*twt*e*n litters by the same sire (2,135.4) contains 

-1 plus Then /i=286.8. 


5 Tlu’ figuros in pan*ntht*sos an* llu> avornire number of pips \yor litter minus tin' variance of litter sue 
di^it1ed by the total number of pips. Oonerally the last term is neplipibly small and may be dropped 
without ‘'I'rious error. For more detailed information on this I'orreetion see Winsor and Clarke (8). 
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The mean square between sires (4,034.2) contains the mean square 
between litters by the same sire plus Then r=50.2. 

In percentages of A-\-B-\-C the variance ascribable to each of the 
three sources is: 

A —656.9—66.1 percent of total 
B—286.8 —28.9 percent of total 
C— 50,2— 5.0 percent of total 

The variance within litters was 28.9 plus 5.0 or 33.9 percent less 
than the total variance wluch would Itave existed in a popidation of 
pigs all from different litters and each by a different sire. This 
corresponds to an intraseason correlation of 0.339 for 180-day weights 
of litter mates. 

Patc^rnal half-sibs are alike only in that th.ey liave the same sire. 
The correlation between paternal half-sil)s corresponds to the fi'acdion 
which th(^ term constitut(»s of A-\-B-\-C. This was 0.051. If all 
the pigs had been by the saiiu* sire but out of different dams, the total 
variance would have been reduced 5.1 percent. Since tlu'se correla¬ 
tions were deduced from mean squares which differed with high 
statistical significance, these corndations W(u*(‘ likewise highly signif¬ 
icant. 

Th.e 267 littei's included in this study were from 151 sows. The 
presence of sets of 2 or mor(» litters from tlu' same sow made possibh* 
the study of the correlation betwee^n maternal half-sibs. Because a 
sow could produc(‘ only 1 litter in 1 farrowing S(»ason, maternal half- 
sibs of necessity must liave been born i!i differiuit yc^ars or at least in 
different seasons of the same year; hence, it was not possibh* to 
eliminate the effect of year and season in computing tbe^ correlation 
between them. 


Table 6.- - Analysis of variance of ISO^dny weight showing the effect of daw 


Soum* of \ arianc*** 


Between half-sib litters from the same dam 
Betwwri full-sib litters from the same darn 

Between litters from the same dam 
Between dams 

Between litters 
Within litters _. 

Total . 


Dctirci’s of 1 

Sum of 

M(‘an 

freedom } 

sfluares 

‘•(luare 

«4 i 

228. m 

2,430 S 

22 ; 


1,426 6 

116 i 

2.')!). 875 

2, 240 3 

I.*)!) 1 

.M.i. 7‘W 

3. 624 0 

260 I 

so;i.6ii 1 

.1.021 1 

1. 127 I 

746,344 i 

6.')6 0 


1. .'>43. l)r»S j 

1. 108 4 


In table 6 tlu^ 266 degrees of fn^nlom between litters were broken 
down into 150 between dams and 116 between litt(u*s from the same 
dam. The mean square between littei*s from the same dam included 
some full-sib litters as w(dl as some litters that were only half-sibs. 
A separate analysis was made of the 42 full-sib litttu-s. The degrees 
of freedom, sum of squares, and mean squares from this analysis are 
included in table 6. By their use the mean square between litters from 
the same dam was broken down into that l)etween half-sib litters from 
the same dam and between full-sib litters from the same dam. 
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Tlie variance in table 6 comes from four different sources: 

Variance within litters—656.9—66.8 percent 

Additional variance for full sibs born in different litters = 127.4= 13.0 
percent 

iV/— Additional variance for maternal half-sibs=66.8=7,0 lucent 

Additional variance between nonsibs= 129.8= 13.2 percent 

When th(' dams were the same and the sires were different the var¬ 
iance in 180-day weight was reduced 13.2 percent (F). This corres¬ 
ponds to a correlation of 0.132 between maternal half-sibs, and might 
be expeci(‘d to consist of a genetic fraction like that betweem paternal 
half-sibs (0.051) and an environmental fraction due to permanent 
differenci^s in the ability of the dams to be good mothers and nurses. 
Subtracting 0.051 from 0.132 yields 0.081 as an estimate of the im¬ 
portance of these differc'uces between darns, which in part may have 
been genetic characteristics of the dams but certainly were environ- 
nu'Dtal as far as each pig^s own 180-day wc'ight was concerned. 
il/+ F gives 0.202 as the correlation between full sibs not litter mates. 
M or 0.070 would include some dominance and some epistatic effects, 
along wdth the g(neti(* effect of having the same sire. Using 0.051 for 
the latter yields only 0.019 for the in(‘rease which dominance and 
epistasis make in tin* full-sib correlation over the half-sib correlation. 
This indicates that they were not very important in these data, but 
this conclusion has a high sampling error because of th(‘ limited nurn- 
bei's involv(Hl, th(‘ selection practiced among parents, and because the 
('stimatc^ is based on differences between mean squares, each subject 
to a sampling error. 

The corn»lation between litter mates is F—0.332, which is 

almost the sanu* as the 0.339 observed din^ctly. Thirteen percent 
(J) of th(‘ total varianc(‘ in 180-day weight was caused by temporary 
influenc(»s which affected litter mates alike but full-sib litters fix)m tlie 
saiiK' dam differently. Much of this was probably caused by dif- 
huences in age of dam, yearly and sc'asonal changes, incidence of 
infectiojis, temporary state of health of the darn, and other external 
factors that affect<‘d litttir mates alike. This 13 percent is clearly an 
environmental part of the (orrelation betw^een litter mates, but some 
of I'nniy also be environmental. 

In summary, the following coiTelalions between the 180-day w'eights. 
of certain sibs wt're observed: 

Litter mates (intraseasun) _ _ 0. 339 

Full sibs not litter mates _ , _ _ , .202 

Maternal half-sibs . .. . .. _ _ . .132 

Paternal half-sibs (intraseason)_ _ _ _ 051 

The corr(‘lation betw^erui paternal half-sibs in a random breeding 
population is composed of about one-fourth of the additive genetic 
fraction of the variance! plus a small part (probably less than one- 
sixteenth) of the variance due to epistatic interactions of nonallelic 
genes plus the environmental fraction of the variance multiplied by 
the correlation between the environments of paternal half-sibs {11), 
Sin(*.e the paternal half-sib correlation was computed on an intraseason 
basis and there was no attempt to treat the progency of one sire 
differently from the progeny of another sire, the environmental cor¬ 
relation between paternal half-sibs should be close to 0, A comparison 
of the correlation between full sibs not litter mates (0.202) with the 
maternal and paternal half-sib correlations (0.132 and 0.051) indicates 
that the epistatic fraction of the variance in these data is small. 
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This, coiiph'd with the fact that only a small part (oue-sixtoeiith or 
less) of this variance is included in the paternal half-sib correlation, 
indicates that the epistatic part of the variance in tlu* correlation may 
be disregarded without introducing much error. On the basis of these 
assumptions th(* correlation between paternal half-sibs (0.051) is 
multiplied by 4 to give 0.204 as the additive genetic fra(‘tion of tin* 
variance. This estimate is probably a little below the true value 
since the sires were to some extent thems(4ves selected because of their 
own 180-day weights and this would tend to make th(‘. correlation 
b('tweon paternal half-sibs a litth* lower than would be found in a 
po])ulation of pigs from truly unselected parents. It should also ho 
remembered that whatever sampling error was present in the pat(U‘ual 
lialf-sib (‘orrelation was multipled by 4 in getting the figure 0.204. 

DISCUSSION 

The d(‘giTe of heritability of a characteristic is a measure of the 
amount of the observc'd variance that can be attributed to tln^ additive' 
effects of g(*n('s. All methods of estimating luTitability depemd in 
some manner on the degi’ce to which relati^d animals resemble eacli 
other more than unr(4at(‘d ones do. The diffenuit kinds of gemdic 
relationships for estimating luTitability include various amounts of 
the variance due to dominance deviations, epistatic interactions, or 
environmental similaiities or diflerences. It is not surprising, there¬ 
fore, that estimates of heritability based on different kiiuls of n*- 
lationships sliould not agree <'xactly, because some' relationships are 
less affected than others by environmental variations, and by (‘pistatic 
or dominan(*(» (‘ffects of genes. 

The different estimates of heritability of 180-day weight derived 
from this study are summarized in table 7. Tliis table also includes 


Table 7. —Stiwmary of hereditary variance: eshmates from differerd noai'ccs 


Cereent 
of h'Tedi- 
tary vnri« 
ance 

1 How derived 

1 

1 

(■1)20.4 . . 

4 tunes paternal balf-sib 
corndation. 

(b) 30 4 

'Fwice the intrasire offspri ng- 
dam correlation 

''e) 40 4 

Twice the correlation be- 
twe(*n full sibs not litter 
mat(‘s 

(d> 02.0 . 

I’wice the mtrasire regres¬ 
sion of offspring on dam. 

(e) 30.0__ 

Kegre.ssion of variant on 
genetic relationship 


Homarks 


Very little doinininet*, epistatie, or I'ln iroiiniental eorrela- 
lions present in this hciire Larjji' saniplinp error beeaiis»> 
of the small numbi‘r of sires .Selection of sires probably 
iirikes this fteure a little low. 

I’robably too low beeuusi' of the n*duct‘(l variability of the 
dams re‘?nltiim fnnn selection Sampling error small. 
Include.s sliphtly more epistatic variance than (a) 

.Subj»‘et to larKe samplinir error because of small amount of 
data. Doinmanci* and iMTiriaiieiit effects of dam’s nursing 
ability wouhl make this fl«:urr‘ too hiirh, but year-to-year 
differences would tend to make it too low 

More reliable than fb) because the reduced variability of the 
mdenendeiit variable (dam) has no effect on the re^re.ssion 
coefficient. 

Include.s at least a little dominance and epistatic variance, 
but less environmental variance than above methods since 
it is a fraction of differences between pigs in the same lot. 


a brief description of the method of deriving each estimate and re¬ 
marks on its reliability. From a study of this table it would appear 
that at least 30 and perhaps more than 40 percent of the individual 
variance in 180-day weight was due to hereditary diffi'rences in these 
pigs. 
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SUMMARY AND CONCLUSIONS 

Data were analyzed to determine the influence of hereditary and 
certain environmental factors on the 180-day weights of 1,394 Poland 
China pigs in 267 litters wdiich were out of 151 sows and by 23 boars. 
The av(Tag(‘. weight of the j)igs was 180.3 pounds and the intraseasoii 
standard d(‘viation was 31.3 pounds. 

A correlation of —0.17 ±0. 03 between weight of pig and percent of 
inbreeding and a regression coefficient indicating an average decrease 
of 0.76 of a pound in weight for (‘ach 1 percent increase in inbreeding 
wer(‘ observed. Tin* multiple correlation of 180-day weight as cle- 
p(Uident on weaning weight and birth weight was 0.58. From the 
multiple regi’cssion equation it was concluded that weaning weight 
was twice as important as birth weight in predi(*ting 180-day wtught. 
Seasonal differences, year-to-year changers in environment, and 
differ(Mi(*es in age of dam influenced the wcuglit at 180 days, although 
the (‘ffect of the dam’s age was small. Gilts weighed about 4 per¬ 
cent l('ss than barrows and boars at 180 days. 

The intralot rep'(‘ssion of the variance in 180-day weight on the 
g(‘netic relationship betw(‘en 843 pairs of pigs indicated that about 30 
perc(*nt of th(' intralot individual variance was due to genetic factoi‘s. 
The intrasire regi'ession of offspring weight on dam’s weight (0.31) 
gave an (‘stimate of 62 peurent for tlie luTeditary part of the variance 
in individual weight of gilts which later were mated to the same boar. 

A correlation of 0.051 was observed between paternal half-sibs, 
0.132 b(‘tween maternal half-sibs, 0.152 between dam and offspring, 
0.339 between littcT mates, and 0.202 between full sibs not litter 
mates. Because tlu* ])arents were rather highly selected groups, 
these coiTi'lations viuy likely wen* underestimates of what would 
occur in an entirely unselected population. The paternal lialf-sib 
correlation gave a /igure of 20 p(*rcent, the correlation between full 
sibs not litt(»r mates gave a figure of 40 p(*rcent, and the offspring- 
dam correlation gave a figure of 30 per(‘ent for the part of variance in 
180-day weight dm* to the action of genetic factors combining ad- 
ditively. 

The g(*n('ral conclusion was drawn that at least 30 percent and 
perhaps more than 40 percent of the individual variance in 180-day 
weight was dm* to the additive* effects of genes. 

LITERATURE CITED 


(1) H’vWATERS. .James H. 

1937. THE HEREDITARY AND ENVIRONMENTAL PORTIONS OF THE VARIANCE 
IN wEAMNCr WEioiiTs OK POLAND-CHINA Pios. Conetics 22: 
1457]-468, 

(2) — — and Willham, Oliver 8. 

1936. A METHOD OF COMPARINO (JROWTHINESS IN PK3S WEIGHED AT DIF¬ 
FERENT AGES AND SI:B.IECTRD TO DIFFERENT TREATMENTS. Allier. 

Soc. Aniin. Pro<i. Proc. 1935: 116 119. illus. 

(3) Fisher, R. A. 

1936. STATISTK’AL METHODS FOR RESEARCH WORKERS. Ed. 6, rPV. RUd 
enl., 339 pp. Fklinburgh and London. 

(4) Lt’sh, Jay L. 

1936. (iENETIC ASPEC TS OF THE DANISH SYSTEM OF PROGENY-TESTING 
SWINE. Iowa Agr. Expt. 8ta. Res. Bui. 204, 196 pp., illus. 

(5) -Hetzer, H. O., and (U’lbertson, C. C. 

1934. FACTORS AFFECTING BIRTH WEIGHTS OF SWINE. Genet icS 19: 
[3291-343, illus. 




264 


Journal o f Agricultural Research 


Vol. 65, No. 6 


(6) Smith, A. D. Bi'chanan, and Donald, H. P. 

1937. weaning weight of pigs and litter sampling with reference 
TO LITTER SIZE. Joiir.* Agr. Sci. 27: [485]~502, illiis. 

(7) Snedecor, George W. 

1937. STATISTICAL METHODS APPLIED TO EXPERIMENTS IN AGRICULTURE 
AND BIOLOGY. 841 pp., illus. Aines, Iowa. 

(8) WiNsoR, C. P., and Glarke, G. L. 

1940. A STATISTICAL STUDY OF VARIATIOxV IN THE CATCH OF PLANKTON 
NETS. Jour. Mar. Res. 3: 1-34. 

(9) Wright, Sew all. 

1921. systems OF mating, i. the biometric relations between 
parent and OFFSPRING. Gcnetics 6: [111]-123, illus. 

( 10 )- 

1923. MENDELIAN analysis of the pure breeds OF LIVESTOCK. I. the 
measurement OF INBREEDING AND RELATIONSHIP. Jour. Hercd. 
14: 339-348, illus. 

( 11 ) - 

1935. the ANALYSIS OF VARIANCE AND THE (’ORRKLATIONS BETWEEN 
RELATIVES WITH RESPECT TO DEVIATIONS FROM AN OPTIMUM. 

Jour. Genetics 30: [243J-256. 


U. 8 GOVERNMENT PRINTING OFPICEt l•4^ 



JOH OF ACIil(lTtltAI.«BH}Clt 

VoL. 65 Washington, D. C., Sept. 15, 1942 No. 6 

THE EFFECTS OF LEAFHOPPER FEEDING INJURY ON 
APPARENT PHOTOSYNTHESIS AND TRANSPIRATION 
OF APPLE LEAVES» 

By G. Edward Marshall, associate in entomology, Purdue University Agricultural 

Experiment Station; N. F. Childers, associate in horticulture, and Howard W. 

Brody, research assistant in horticulture, Ohio Agricultural Experiment Station ^ 

INTRODUCTION 

The l(‘afhoppers that attai'k apples have received relatively little 
attiHition from investigators and growers, probably because they do 
not cause immediate injury to the fruit itself as do codling moths, 
curculios, and similar chewing insects, and probably, too, because 
their greatest injury to the leaves appears late in the season when the 
fruit is almost mature. 

Two types of leaflioppcr injury occur on apple leaves: (1) A 
yellowish-green stippling on the upper leaf surface caused by species 
of Typhlocyba, Krythroneurdy and some Emjwasca —the mesophyll 
feeders (i, 4i ^0, 11)^; and (2) a yellowing, puckering, and wilting 
of the h‘af caused by one or more species of Ernpoasca — the vein 
f('ed(*i-s {lly 12j 13).^ There appear to be no published data which 
show the efFccts of vein- or mesophyll-feeding leafhoppers on the 
metabolic processi's of apple leaves. The literature deals largely 
with descriptions of visible leaf injuiy (5, 6*, 8). 

It is the purpose in this paper to point out the effect of various 
degn'es of leaflioppcr feeding injury on apparent photosynthesis and 
transpiration of apple leavers. Seasonal trends in leaflioppcr popu¬ 
lation and the effi'ct of feeding injury on leaf anatomy also are dis¬ 
cussed. 

MATERIALS AND METHODS 

The h‘afhoppci*s used in this study were colh'cted from a large 
McIntosh apple trei*. growing in an experimental orchard in southern 
Indiana and were shipped to Ohio State Univei-sity by special delivery 
in h.ardwar(»-cloth cages. The time in transit was less than 24 hours. 
The cages were tdlipse-shaped, about 10 inches in height by 4 inches in 
diameti'r, and wi'n^ filhul with damp excelsior and wrapped with 
cheesecloth. This t(‘chuiqu<‘ was employed in all si^asons of the year; 
fresh material w^as used in the cages in sumimu-. The population 
counts were made at 8 evenly distributed locations on the tree (fig. 1) 
during the summer of 1940. One thousand leaves were inspected 
weekly for the tree as a whole, 5 groups of 25 leaves each at each of 
the 8 locations. 

When th(‘ leafhoppi'rs arrived at th<» laboratory, they w^'n^ released 
into sjiecial cages w Inch covered the shoots of potted Staymun Winesap 

> K(‘(ri\od fr>r publiciition Octobers, 

2 The authors are indebted to the Tobacco Hy-IToduets & Chemical CortK)ration, Louisville, Ky., for a 
fellowship in connection with this study. Helpful advice from Prof. J. .1. Davis, head. Department of 
Eutomolouy, Purdue University Agricultural Experiment Station, is ttratefully acknowledKed. 

> Italic numbers in parentheses refer to Literature Cited, p. 280. 

* Reep, T. W. the apple leafiioppeks op western new YORK. 1033. lUnpublished thesis, Master 
of Science, Ohio State University, Columbus, Ohio.) 
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apple trees. The cag(‘s were made of Ji-inch-mesh hardware cloth 
coverc(l with cheesecloth, and had small cellulose acetate windows 
through which the insects could be observed. 

Photosynthesis and transpiration measui’cments were made at Ohio 
State' University by the method of Heinicke and Hoffman (7), both 
outdoors and in the environment-control chamber (2), The metabolic 
activity of 12 leaves was studied in each experiment; 6 of the leaves 
were treated and 6 remained as cheeks After a ratio between the 
rates of photosynthesis and transpiration of the 2 groups of leaves 
had been dctcTinined, a slec've cage of insects was placed over one of 
the shoots as shown in figure 2. The insects were permitt('d to feed 
on the foliage for a giv(*n period, after wdiich they w'ere removed and 
the mc'tabolism stu(li('s wen* resumed. Any change in the ratio after 
the fec'ding period as compared with th(' ratio before feeding was 
int('i*i)reted as the result of insect injury. The insects were permitted 
to f(‘('d at several successive periods in a give'ii experiment. 

A])ple l(*aves upon which leafhoppers had been permitted to feed 
were (‘xarnined microscopically, in cross section. The leaf material was 
mounted in paraffin, cut on a rotary microtome, and stained with 
Hi'idenhain’s iron-alum haematoxylm. 

Analysis of variance and significance' of data were determined 
according to Fisher’s tabh'S for /'and 

EXPERIMENTAL RESULTS 

POPULATION STUDIES 

(^ounts of leaflioppers in the expe'rimental orchard were made each 
wv('k, be'ginning May 3, 1940. After the overw'intering population of 
Kryihroneura spe'cies had die'd about the middle of May, Typhlocyba 
pomaria McA., th(' w hite' apple le'afhopper, was the only species present 
m significant numbeTS until late' in the summer. The graph in figure 1 
shows the weekly population of all leafhoppers, aelults anel nymphs, on 
the mature Mclnteish tree. The first peak in the curve represents 
almost e'litire'ly the spe'cies 7\ pomaria; the second, several species of 
Krythroncura: tlu' third, T, pomaria and some Erythroneura; and the 
last, T. pomaria and various species of Erythroneura in the ratio of 2.83 
T. pomaria to 1 of Erythroneura. The figures on the photograph in 
figun* 1, B, show^ the average' number of h'afhoppers per 1,000 leaves 
found each w"(‘(»k in counts at the' re'speetive locations up to August 4, 
1940. It will be note'.d that the insects we're more abundant near the 
te)p of the tre'c. 

Eggs of Typhlocyba pomaria w^re laid in the^ bark of 1- to 4-ye'ar 
W'ood in the fall anel the'se overwinte're'el before' hatching; Erythroneura 
ovi'iwinte're'el in the* aelult stage under leaves anel other protective 
plant debi is. l\)pulation counts of Erythroneura during the w’inter of 
1939-40 re'vealed an ave'rage of 160 adults per square yard in fallen 
leaves and grass in the orchard. The leafhoppers we're more numerous 
ne'ar the drip of the' branehc's w'here ground cover w^as heavier. 

EFFECTS ON PHOTOSYNTHESIS AND TRANSPIRATION OF APPLE LEAVES CAUSED BY 
FEEDING OF APPLE LEAFHOPPERS 

One liundre'd leaflioppers per leaf were released in a sleeve' cage over 
apple shoots after the pretreatment ratio for photosynthesis and trans¬ 
piration had been established over a 3-day period. The insects were 

*The statistical analyses wore carried out under the direction of Mrs. Z. E.'Alberts, Department of 
Zoology and Entomology, Ohio State University. 



Vol. 66, No. 6 


268 Journal of Agrkultural Research 

permitted to feed for 3 days, after which leaf activity was measured 
again. The data in table 1 and figure 3, A, show that the rate of 
photosynthesis was reduced 25 percent and transpiration 26.7 percent 
by the feeding of leafhoppci*s at the rate of 100 per leaf for 3 days, 
or 7,200 ^^eaihopper hours^^ per leaf (see fig. 4, A^ a, for apparent loaf 
injury). 



Figure 2. —Experimental trees with two shoots were grown in 5-gallon stone 
crocks; one of the shoots was used in the feeding experiment, the other starved as 
- a check. A definite number of insects per leaf were transferred from the stock 
cage (o) to the test cage (6) for each successive feeding period between photo¬ 
synthesis-transpiration determinations. 
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Table 1. — The effect of apple leaf hopper injury on the rates of photosynthesis and 
transpiration of Stay man winesap apple leaves^ experiment A 


Date of leaf 
activity 
measure- 
ment ‘ 

Mur. 3 

Mar 4 , 
Mar. 5- ,, 

Ax erape 

roa 
pi*r 
eu ft. 
of Mr 

A/I///. 
grarntt 
19 9 
19 0 
IH 0 

JMiotosyntliesis 
((H)a iMT UK) 
cm.* per hour) 

-TiSLxioo 

Check 

102 9 
97. 1 
118 3 

Ex¬ 

pected 

rate 

HaO 
p(.»r 
cu. ft. 
of air 

Gram 

0 302 
.305 
.292 

Transpiration 
fHaO per 100 
cm.* ia>r hour) 

XlOO 

Cheek 

148 2 
125 6 
136 4 

Ex¬ 
pected 
rate * 

Cheek 

'I'est 

Cheek 

1'est 

MtUi- 
grants 
10 5 

7 t) 
17 5 

A/////. 
grams 
14 0 

7 8 
20 8 

Per¬ 
cent 2 

Ora ms 

0 56 
.94 

1 10 

Grams 

0 8:4 

1 18 

1 50 

Per¬ 

cent 



106.1 



. 

— 

136.7 


Mar. 9 

19.2 

15 1 

15.9 

105.3 

99 3 

251 

1 47 

1 55 

105 4 

77.1 

Mar. 10 

17 4 

13 9 

9 1 

65 5 

61 8 

267 

1 62 

1 48 

91 3 

66.8 

Mar 11 

17.7 

12 9 

11.7 

90 7 

85 5 

230 

1 63 

1 65 

101.9 

74 6 

Alar 12 , 

17 1 

13 1 

7 5 

57.3 

54 0 

.261 

1 56 

1.6:4 

104 6 

76.5 

Axerape.. 




79 7 

-5.1 

1- 


100 7 

73 8 

Mar. 16 






255 

1 58 

1 77 

112 0 

82 0 

.Mar 17 

17 7 

20 3 

16 6 

81 8 

77 1 

257 

1 60 

1 62 

101 3 

74 1 

Mar. Ik .. 






249 

1 62 

1 68 

103 7 

75 9 

Mar. 19 . 

16 8 

IS 6 

15 4 

82 8 

78 1 

231 

1 97 

1 43 

72 6 

53.1 

A N (‘rape 




82 3 

77 6 




97 4 

71 3 

Apr 1 

iTll 

12 3 

16 0 

81 3 

76 6 

.264 

1 75 

1 75 

](X) 0 

73 2 

Apr 2 






. 261 

2 06 

1 65 

80 1 

58 6 

Apr 3 

IS 2 

14 1 

11 9 

! 84 4 1 

i 79 6 

249 

2 13 

1 76 

82 6 

60 4 

Apr 4 

16 /) I 

15 n 

13 9 

92 7 ; 

87 4 i 

. 255 

2 10 

1 25 

59 5 i 

43 5 

\pr r. . i 

18 2 ' 

15 8 

11 3 

71 1 1 

67 0 

m 

1 44 

1 56 

108 3 

79 3 

Apr. 6 - ! 

18 3 1 

15 8 

12 7 

7 

75 8 

250 

1 97 

1 41 

71 6 

52 5 

A X (‘rape 

1 



1 82 0 : 

77 3 

! . 


83 7 

61 2 

Apr 12 .. 1 

17 8 1 

"*‘^7*7 

12 8 

74 9 

70 6 ! 

.262 

1 80 

1 77 

98 3 

71 9 

Apr 13 

1 17 4 ; 

14 1 1 

10 6 

75 2 ! 

1 70 9 i 

. 257 

1 83 

1 82 

99 5 

72 8 

Apr 14 

1 17 7 1 

14 2 j 

11 7 

82 4 1 

1 77 7 ! 

25:4 

1 83 

1 54 

84 2 

61 6 

\pr lA 

‘ 19 4 i 

16 3 i 

16 7 

102 5 1 

97 6 i 

261 

1 47 

1 20 

81 6 

59 7 

Ai>r 16 ' 

1 IS 0 ' 

17 5 1 

17 3 

98 9 i 

! 93 3 ! 

254 

i 13 

96 

85.0 

62 2 

\pr 19 

' 17 7 

14 0 

9 9 

1 70 9 

66 9 

- 





A X erape 

i 

.’7 


! 84 3 1 

*"74T| 


_ 

i - 

89 7 

i 65 6 

Apr 26 

ir> 9 ; 

12 3 1 

11 0 j 

! ^ ' 

84 3 

250 

1 t>4 

1 55 1 

94 6 

69 1 

Apr 2S 






256 

1 83 

1 33 

72 1 1 

52 7 

Apr 29 

16 S ' 

15 5 1 

6 3 i 

i 40 6 1 

38 3 

248 

1 86 

1 1 64 

88 2 

64 5 

Apr 30 

16 6 1 

15 1 ! 

8 8 i 

I 58 3 , 

55 0 

251 

1 92 

1 53 

79 7 1 

58.3 

May 1 .. 1 

17.3 ; 

12 0 1 

1 7 3; 

; 60 8 1 

57 3 

. 250 

1 90 

1 35 

71 1 ; 

52 0 

Ma> 2 j 

17 7 1 

14 5 j 

1 6 6! 

1 45 5 i 

1 42 9 

.228 

2 32 

1 78 

76 7 

56.1 

Axerape 


_1 


1 58 9 ! 

i 65 8 




80 4 

59.6 

Ma> 21 _ 

16 6 ' 

4 4 

9 

i ‘‘‘ 1 

! 19 3 i 

.216 

I 32 

.93 

70 5 

51 5 

May 22 .. 

15 6 

() 3 

0 

1 0 1 
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1 18 

.76 

M 4 

47,0 

May 23 . 

16 3 ! 

S.3 I 

1 3 6 

i 43 4 1 

1 40 9 

. 275 

1.14 

.75 

65 8 

48.2 

Axerape 




21 3 

, 20 1 

. 

- 

1 

1 - 

66 9 

48.9 


ANALYSIS OF VARIANCE OF X 100 

1. xl l^\ Iv 


Item 

1 l>egr(*es0f 1 
freedom j 

Sum of 
siiuares 

! M(‘anof 

1 s(iuar(‘s 

. 1 

Remarks 

Pilot osynthesis 

Transpirat ion 

il 

._J'_ 

14.158 62 
15.174 66 
9,553.04 
.3,626.39 

2,359.8 
722 6 1 
1,592 2 i 
1.51.1 ! 

i 

} 

i} 10 54 

! 

1 

Significant.. 

Highly significant. 


' Botwccii each series of measun'ments the leafhopiH*rs were pernutteii to fe«Hl. 
’ 'Pest after treatment 


(^heck after treatment 
Test befo re treatment 
(’heek bt'fore treatment 


XI00= Percent cxiH'cted rate 
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From these data it could be inferred that 300 leaflioppers per leaf 
(assuming a constant area of about 50 cm.* for all leaves) may cause 
a reduction in photosynthesis and transpiration of about 1 percent 
in 1 hour. 

Further injury (fig. 4, A, b) on the same leaves did not cause a 
significant reduction in either process. It was not until 4 weeks of 



Fioi’RE 3.— A,B,C, D, and E, based on datafromexpermients of similar designa¬ 
tion, show the effects of nn-sophyll-feedinf? by ajiiile l(>afhoppers on aijparent 
photo.synthesis and transpiration of Htayman Winesa]) apjile leaves. F shows 
the effect of the vein-feedins potato leafhopper, Empoaxra fahae, on apple leaf 
metabolism. The value 100 represents photosyntlu'sis and transpiration of 
the check leaves for every determination. 

feeding with a slightly reduced insect population that further measur¬ 
able reductions occurred. Seven weeks of fetiding reduced the rate 
of photosynthesis 80 percent and transpiration 50.2 percent. At 
this time the leaves appeared severely injured; the surfaci's were 
yellowish green, the spots had coalesced over the entire area, and there 
was a slight curling and burning at the margins (fig. 4, A, c). The 



















Fi(!i kk 4. Stages of f(‘eciiiig injury at positions marked on the photosynthesis- 
transpiration curves in figure 3; for example, A, a, shows apparent feeding 
injury when photosyntliesis was reduced approximately 25 percent and trans¬ 
piration 27 percent as indicated at point a in figure 3, *4. 


rato of truuspiratioii was not sigfnificaiitly afTecled (table 2, %. 3, B), 
Four weeks of f(?e(iing was accompanied by a significant reduction in 
photosyntliesis of 26.4 percent. (See fig. 4, J?, a, and 5, 6, for apparent 
injury at stages specified in fig. 3, B.) 
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Table 2. —The effects of apple leaf hopper injury on the rates of photosynthesis and 
transpiration of Stay man Winesap apple leaves, experiment B 


Date of le4if 
activity 
measure- 

r02 

per 
cu. ft. 

Jdiotosynthcsis 
{CO 2 perl 00 : 
cm per hour! 

1 

Ex¬ 

pected 

rate 

HzO 
per 
cu ft. 

Transpiration 
(IhO per 1(H) 
cm.* pel hour) 

Check^^^ 

Ex¬ 

pected 

rate* 

meut 1 

of air 

("heck 

Test 1 

1 

of air 

("heck 

Test 

Mar. 16..„ 
Mar. 17..-- 
Mar. IH ... 
Mar. 19 . 

Miin 

QTaim 
19 4 
16.4 
16 4 1 
17.6 

Mtin 
grams 
19 4 
22 1 
10 6 
18 3 

^W|}• 
grams 
19 3 
22.2 
16 6 
17,9 1 

99 6 
1(K) 6 1 
93 9 i 
97 8 

Per¬ 

cent 

Or am 

0 248 
. 240 ; 
. 237 

Grams 

178 

1 81 
1.87 

Grams 

1 46 

1 69 
1.66 

i 

82.0 
93 4 
88 8 

Per¬ 

cent 

A verape 


- 

- 

97 9 





88 1 

. 

Mar 26 .. 

IK 0 

19 7 

20 1 

102 0 

1(V4 0 

.244 

1 33 

l.(H» 

80 0 

90 8 

Mar. 27 

20 7 

29 0 

28 1 

97 0 

941 1 

. 262 

1 31 

.92 

70.2 

80 0 

Mar. 28 . 

22 4 

! 24 6 

18 0 

73 2 

74 7 

269 

1 47 

1 48 j 

IIK). 7 

114 3 

Mar. 29 . 

17 7 

! 16 9 

17. 6 

104 1 

106 3 

. 260 

1 69 

1. 26 

74 0 

84 0 

Mar. 30. .. 

17 2 

17 0 

1 13 7 

80 6 

82 3 

.279 

1.59 

1 38 

86.8 

98 6 

Mar. 31 

16 9 

12 2 

12 7 

104 1 

llVi 3 

.261 

1 12 

.84 

75 3 

85 5 

A \ crape 




93 6 

96 5 




81 2 

92 2 

Apr. 7 . 

18 G 

15 T 

14.4 

96 3 

97 4 

.258 

1 44 

1 33 , 

92 4 

106 0 

Apr. S .. . 

17 0 

14 6 

16 7 

107 6 

109 8 

241 

1 86 

1 74 

04 1 1 

IIHI 8 

Apr 9 

16 S 

16 3 

13 4 

87 8 

89 7 

260 

1 58 

1 5.6 

98 1 i 

111,4 

Api.lO .. 

IS 2 

10 4 

10 1 

97 1 

99 2 

.246 

1 22 

1.02 

83 6 

94 9 

Apr. 11 - 





- 

269 

1 46 

1 27 

87.0 

98 8 

Avorape 




96 9 

99 8 

j 



91.0 i 

103 4 

Apr. 20—. 

‘ 30.6 

23 6 

16 7 

71 1 

72 6 

2.60 

86 

1 88 

102 3 i 

116 1 

Apr. 21 . .. 

26 6 

22 2 

18 6 

8:1 3 

86 1 

2.66 i 

1 21 

' 1 26 

m 1 

118 2 

Apr. 22 .... 

17 5 

14 7 

11 9 

81 0 

82 7 

.262 

1 39 ! 

! 1 29 

92 8 

106 3 

Apr. 23 

17 9 

13 4 

9 6 

i 70 9 

72 4 

.2,63 

1 61 ! 

1 1 62 

1 94 4 

107 2 

\pr 24 .... 

16 9 

14.7 

11.6 

78 9 

80 6 

.248 

1 47 ' 

1 1 5.6 

10.6 4 

119.6 

Apr. 26 

18 1 

2-4 0 

21.1 

87.9 1 

89 8 

. 262 

1 63 ; 

I 

90 8 

KKl 1 

AveragC- 




78 0 

80 5 



1 

1 

98 .3 

111 6 

MayT) 

1 10 3 

14 3 

10 0 

f)9 9 

71 4 

. 269 

1 66 

1 61 

92 0 

110 1 

May 6_ 

15.8 

11 2 

10 (» 1 

94 6 

96.6 

2.69 1 

1 1 98 

1 .69 

80 3 ' 

91 1 

May 7 ... 

17 7 

14 1 

7 3 I 

61. » 

62 9 

277 

j 1 81 

1 74 

96 1 1 

1 109 1 

Average.. 


1 

: - - 1 

72 1 

73 6 


■ 

.. 1 

! 

! 92 5 

i 

103 4 


T 

ANALYSIS OF VAHIANrE OF X UKi 


Item 

Degrees of 
freedenn 

Sum of 
vfpiaTes 

Mean of j 
stpiaies j 

F 

Keinarks 

Thotosyuthesis 

( 

21.6.3 45 
226:4 59 

1 

538 .36 \\ 
125 76 ;j 

4 28 j 

Significant. 

'J'ranspiration. 

{ 

901 98 
1197.42 

225 6 1 

66 37 J 

3 40 j 

fSipnineanl varianet‘but not \ 

\ reduction. 


J Between each seiies of inea.siirenient.s the leafhoppers were peirnitletl to feed 
* See footnot(‘ 2, table 1, for method of caieulaf ion. 












Sept. 15,1W2 The Effects of Leaf hoppers Upon Apple Leaves 


273 


Experiments C and D 

Exptirimpiits were rim on experimental leaves in the laboratory to 
duplicate the population of insects in the field. At the time weekly 
jiopulation counts were made in the field, leafhoppers (adults and 
nymphs) were collected and shipped from the Indiana orchard to the 
envh-onment-control chamber. The. concentration of insects, species 
ratio, and interval between changes in insect population on the test 
leaves were adjusted to make the duration of the experiment in the 
laboratory sliorter than an entire summer season. The data can be 
interpreted, however, as typical of the results of a season of leafhopper 
activity. 

Till' techniijue employi'd in handling the leafhoppers in these experi- 
iiKuits differi'd from tliat in the previous experiments. The leafhoppere 
were released in the leaf cups (7) on tin* low(*r surfaces of the apple 
li'aves insti'ad of in cheeseclotli cages. According to Wigglesworth 
{l/i, p. i.9S), insects respire at the rate of approximately 3 mg. of carbon 
dioxide jier gram of insect weight per hour. A leafhopper, then, 
would respire about 0.015 mg. of carbon dioxide per hour. At tliis 
rate the maximum number of h'afhoppers per leaf at any time in tlie 
(■ours(> of the 2,'.)-hour d('termination would not respire enough carbon 
dioxide to interfer(> with the photo.synthesis ineasurcnients. Thus, 
tlie insects were ])ermitt(Hl to f('ed continuously e.ven during the deter¬ 
minations and were confined to the part of the leaf surface included 
by tlu' leaf cup rather than to all the surface included in a sleeve cage. 

The data in table 3 and figure 3, C, show that at a point in the experi¬ 
ment coiresponding to May 17 in the field, photosynthesis was reduced 
10.5 percent and transpiration 4.9 percent. At a point corresponding 
to June 25 tlie reductions were, re.spectively, 19.2 and 13.8 percent, 
and by July 20 they were 27.1 and 12.9 percent. It would appear 
from these ilata that before mid-July, wlien the insect population is 
still rather low, niarki'd reductions may occur in the rate of photosyn¬ 
thesis, es|)ecially in the early part of the period. The gradual reduc¬ 
tion in pilotosynthi'sis recorded from week to week in experiment (’ 
was not signilicant, but the final reduction at a point coiTesponding to 
-Inly 20 was highly significant (see fig. 4, C, a, for apparent injury 
toward end of experiment). The reduction in transpiration was not 
significant. In experiment D (table 4 and fig. 3, D), which was 
carried only to a point conesponding to June 5 in the field, reductions 
in transpiration and jihotosynthesis, although not significant, were 
ri'cordi'd. 

Experiment E 

Table 5 and figure 3, E, show the results of a fifth e.xperiment wdth 
tin* various spi'cies of apple leafhoppi'rs. This experiment yielded 
data similar to those in tlie e.xperiments describeil above. Three 
fi'cding periods with a population of approximately 25 leafhopper i 
per leaf brought about a reduction in the rate of photosynthesis of 
23.8 percent and in transpiration of 16.5 percent. The roduct’on iii 
transpiration over the entire period of the experiment was significant; 
the ri'duclion in photo.synthesis was significant from one feeding period 
to the next and highly significant over the 3-week period. 
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Table 3. — The effects of apple leaf hopper in,jury on the rates of photosynthesis and 
transpiration of Stay man Winesap apple leaves, experiment C 


Date of leaf 
activity 
measure¬ 
ment 1 

CO 2 
per 
eu. ft 
of air 

Photos>mthesis 
(CO 2 per 100 
cm,* per hour) 


Ex¬ 

pected 

rate 

HaO 
per 
cu. ft. 
ot air 

Transpiration 
(HfO per 100 
cm.* per hour) 

Test 

Ex- 
I)ected 
rate * 

Check^’^ 

Cheek 

Check 

Milli- 
gra rns 
14 3 
14.5 

14 8 

15 3 
11 0 

IVst 

Check 

Test 

May 25_ 

May 26-_-- 
May 27. .-. 
May 28.... 
May 29 

Average.. 

Millt- 
grams 
17.0 
10 3 
17 4 
K) 8 
14.8 

Milli¬ 
grams 
24 0 
20 1 
24 0 
23 9 
18 0 

172 0 
138 0 
166.2 
1.56 2 
163 6 

Per¬ 
cent * 

Grams 

0 212 
.200 
224 
.215 
.217 

Grams 

1.49 

1 ,56 

1 35 
1.51 

1 39 

Grams 

1 97 
2.06 

1 86 
2.07 
1.78 

1,32.2 
132 I 
137.8 
137.1 
134.3 

Per¬ 

cent 

11'1.-11 

. 



159.3 

... 

133 5 




May 30 . 

15 2 

19.0 

28,5 

1.50.0 

94.2 

.212 

1 69 

1 99 

117 8 

88.2 

May 31. 

15 5 

20 3 

26 0 

128.1 

80 4 

.191 

1 40 

1 82 

130 0 

97 8 

June 1 

14.8 

17 3 

23 0 

133.0 

83 5 

.185 

1 .56 

1 90 

121 8 

91 2 

June 2_ 

14 9 

18 8 

25.7 

136 7 

85.8 

.175 

1 64 

2.31 

140 9 

105 5 

June 3_ 

10 4 

18 4 

24 6 

133 7 

84 0 

.182 

1 69 

1 96 

116 0 

86.9 

June 4 _ 

17.3 

10 3 

25 0 

157 1 

98 7 

. 189 

1 fW 

1 85 

113 5 

a5 0 

J une .*) ... 

15 5 

13 4 

21 2 

1.58.2 

99.3 

. 2.33 

1 44 

1 66 

115 3 

86 4 

June 7 

17 0 

18.7 

25.8 

138 0 

86 7 

215 

1 35 

1 .50 

111 1 

8 : 1.2 

June 8 .... 

10 2 

14 4 

20 0 

143 1 

89 9 

..573 

1 12 

1 79 

1.59 8 

119 7 

June 9 . 

17 7 

21.0 

29.1 

138 6 

87 0 

. 192 

1 K3 

2 18 

142 5 

106 7 

June 10. _ 

17 8 

17.1 

20. 1 

1.52 6 

95 8 

181 

1. 5.5 

2 03 

131 0 

98. 3 

June 11 

17 9 

34 9 

43 4 

124 4 

78 1 

.18,5 

1 64 

2 18 

132 9 

99.5 

June 15 

16 6 

11 5 

15 6 

135 7 

85 2 





_ __ 

June 10 

16 6 

15 2 

15 7 

103 3 

64 9 




. 


June 17 

17 7 

10 6 

22 9 

138.0 

86 7 

i-- 


_ 



June 18 

17 1 

13 2 

22 1 

167 4 1 

105 1 





1 

Juno 19 

16 5 

10 2 

13 4 

131 4 

82 5 

'.’385 

J 38 

1 70 

123 2 

1 92. 

June 20 ... 

16 5 

11 2 

14 9 

133 0 

83 6 

. 279 

3 83 

4. 10 

107 0 

i 80 1 

June 21 

18 4 

19 9 

23 4 

117 6 

73 9 

. 405 1. 23 

1 53 

; 119 5 

1 89 5 

June 22.- . 

15 7 

13.7 

14 3 

104 4 

65 6 

. 40<> 

1 54 

2.02 

1 131 2 

98 3 

June 23 

15 2 

10 7 

12 3 

115 0 

72 2 

430 

1 .11 

1 

1 128 2 

96 0 

June 24_ 

15 1 

5 9 

8 5 ! 

144 1 

90 5 

418 

1 09 

1 35 

12:4 9 

92 8 

June 25 

15 0 

9 5 

11 5 

121 1 

76 1 

409 

1 21 

1 42 

117.4 

87 9 

June 27. . 

15 9 i 

16.0 

15 6 i 

97 5 

66 8 

.414 

1 Zi 

1 1 41 

117 1 

87.1 

June 28.. 

15 1 j 

8 3 

110! 

1.39 8 

95 8 

414 

1 28 

1 26 

1 98 4 

79 4 

June 29 

15 3 ! 

12 4 

13 3 

107 .1 

73 5 

415 

1 27 

1 1 27 

1 109 4 

88 3 

J une 30 

15 9 

7 0 

8 8 

125 7 

1 86 1 

.415 

1 16 

1 1 32 

i 113 8 

91.8 

July 1_ 

17 1 

10 3 

9 7 

96 I 

1 1»5 8 

.504 1 1 18 

1 19 

KXI 8 

81 4 

July 2- 

14 4 

11.0 

li 0 

100 0 

68 5 

.316 

1 03 

.9,5 

; 92 2 

82 7 

J Illy 3 

17.0 

13 7 

18 8 

137 2 

! 87 7 

. 40:1 

2 08 

! 2 35 

i 113 0 

88 4 

July 8 

16 I 

7 2 

11 6 

161 1 

1 i(r> 9 

4.59 

1 25 

i 1 66 

1 132 8 

104 1 

July 9 

16 7 

10 0 

12 9 

121 7 

77 8 

464 

1 25 

; 1 50 

1 122 0 

95 6 

July 10 .. 

18 3 

12 5 

16 0 

128 0 

HI 8 






July 11 . .. 

16 5 

10 0 

H 1 

141 0 

90 1 





I 

July 13 .... 

16 8 

11 7 

11 6 

99. 1 

tW 3 






July 14 ... 

17 4 

13 4 

17 3 

129 1 

82 .5 

- 


i 



July 15 ... 

21 1 

15 2 

22 7 

149 3 

95 4 



1 


1 

July K) 

15 0 

7 4 

8 8 

118 9 

76 0 




j 


July 17. . 

15 8 

9 5 

8 6 

90 5 

,57 8 



- 



July IS 1 

IS 2 

11 2 

115 1 

102 7 

65 6 



!-- 



July 19 . 1 

21 7 

14 2 

12 4 1 

87 3 

55 8 





1 

July 20 1 

18 4 

10 5 

15 6 1 

148 6 

95 0 

404 

1 21 

j 1 37 

j' 113 2 

1 88 7 

July 23 

16 4 

10 7 

12 1 

113 0 

80 8 

- 


! 

j ... 

1 " * 

Average. 

i 

— 


127 9 

j 81 8 

- 

. . 


1 120 5 

1 92 2 


TEST 

ANALYSIS OF VAKIANCK OF X KM) 


Item 

D(‘gre(*s of 
freedom 

Sum of 
s(]uareN 

Mean of 
sejuares 

1 

F 

Remarks 

Photosy nthesis.. 

{ 46 

4.407 5 
18.548 8 

4,407.5 
403.2 

} 10.93 

Highly significant. 

Transpiration . 

{ 31 

870 1 
44,461.7 

870.1 

1,4.34 3 

} 1.65 

Not significant. 


» I^afhopix^rs werr wmilttod to feed (field (Hmcentration) cootmuously even during the deU'rminations. 
2 Sec footnote 2, table 1, for method of calculafion. 
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Table 4. —The effects of apple leaf hopper injury on the rates of photosynthesis and 
transpiration of Stayman Winesap apple leaves^ experiment D 


Date of leaf 
activity 
measure¬ 
ment > 

CO 2 
per 
cu. It. 
of air 

Photosynthesis 
(CO 2 per 1(K) 
cm.* per hour) 

xtoo 

Check^^’" 

Ex¬ 

pected 

rate 

H*0 
per 
cu. ft. 
of air 

Transpiration 
(HjO iHir 100 
cm.* per hour) 

Check^^*" 

Ex¬ 
pected 
rate * 

Check 

Test 

Check 

Test 

June 15--.. 

Ami- 
grams 
If). 1 
15 f. 
17.7 
10.1 
16.5 

grams 

17.3 

15 0 
19 3 
17.7 

16 7 

' 13.8 

11.3 

Millh 
grams 
22.3 
19 2 

23.2 
22.7 
21.5 

17.3 
13 7 

128.9 
128 0 
120.2 
128.2 
128.7 

.i25'4‘ 

120.2 

Per¬ 
cent * 

Oram 

0 177 
.207 
.234 
.201 
.389 
.357 
371 
.4.50 
.374 

Oram 

1.77 

1.67 

1.72 

1 63 
2.40 

2 61 

2.34 
1.72 
2.(H 

Oram 

2 20 

1.79 
1.82 

1 76 
2.50 

2.80 
2.61 

1 80 

2 30 

124.3 

107.2 
105 8 
108.0 

104.2 

107.3 

111 5 
104 7 

112 7 

Per¬ 

cent 

JuneIfi . . 
June 17 _ 

June 18 . . 
Juno 20 

June 21 

JuiH* 23 

June 24 ... 
June 25 . 

- 

14.5 
14.7 

Average.. 


.. - 


125. 7 




. 

109.3 


June 28... . 

13 9 

17 8 

""i7.T 

96 6 

76.8 

.377 i 

~2ir 

^15” 

114.8 

10^ 

June 29 .. 




- - 


.401 j 

2 07 

2 35 

113.5 

104.4 

June 30 

14.9 

20. 7 

24 9 

120.3 

9&7 

.385 ! 

1 88 

2.15 

114.4 

105.1 

July 1 






.324 1 

1 59 

1.82 

114 5 

105 2 

July 2 

15 2 

12 1 

15 0 

'l28.'9' 

102 6 

.379 

1.96 

1.93 

98 5 

90 7 

July 3 

14.3 

15 9 

17 1 

107 0 

M 6 

.371 

1 81 

2 21 

122.1 

112 2 

July 8 

15 8 

9 7 

' 13 4 

138 1 

109.9 

! .404 

1 92 

2 35 

122.5 

112 5 

July 9 

14.9 

10.3 

9 0 

93 2 

74 1 

! .m 

1.92 

1 82 

94 8 

87 1 

July 11 

14 8 

10.0 

13 0 

128 3 

1 102.1 






Jul> 12 

- i 





! ’ .367 

}'h7' 

" 1 96* 

104 8 

'W) 3 

July 13 ; 

i(). 21 

10 1 

12 2 

120*8 

' 96 2* 

335 

2 48 

2 54 

102.4 

94.1 

July 11 1 

10 1 

12 8 

15 5 I 

121 1 

9f).4 

.313 

I 2 09 

2 18 

1 104.3 

95.9 

July 15 

14.4 

9.0 

10.1 1 

105 2 

87 7 

342 

' 1.82 

1.99 

[ 109.3 

100.4 

July K* 

14.0 

10.9 

13 (* ' 

124 2 

103 8 

334 

2.14 

2 12 

99 1 

84.5 

Jul> 17 . 1 

H 9 

11 9 

9.9 , 

83 2 

65 1 






July 18 .. 

1.5 0 1 

12 8 , 

10 0 1 

125 0 

97 8 1 

. 236 

2 01 

' 2.'03‘ 

ioi 6 

97.6 

Julj 20 

n 0 

12 h , 

13 3 ! 

105 6 j 

82 7 ! 

.350 , 

1 90 

1.79 

i 94.2 

tK) 4 

Jni.\ 21 

14 0 I 

8 0 1 

8 9 

HI 3 I 

87.1 i 

.348 1 

1 67 

1 70 

101 8 i 

97 7 

Jiil> 22 

H 2 

13 3 1 

10 0 

75 2 i 

58 9 1 

.332 

1 86) 

I 70 

91 4 j 

87.7 

Juli 2.1 

1.5 4 

10 4 

13 1 , 

126 0 ' 

98 7 1 

312 i 

1 96 1 

1 49 

76 0 1 

73.0 

A Vi'nige 




112 8: 

89. :• i 

1 

- 


99 1 

96 7 


A\A].VSIS OF VAKIA\(’E <)f\,* X 100 

, ' 11 Kl K 


Hem 

' ' ' { 

1 1 irgree'* of I 
frerdoin 1 

Sum of j 
s(iuares j 

1 

Mean of 
squares 

r 

Kern arks 

PhotosyntheMi* __ 

1 

i 

868 3 
4.9f)U 1 1 

8f»8.3 ') 
225 5 •[ 

.1 S5 1 

fUediiction, but not sigiiifi* 
1 cam 

Traii'^piration 

1 1 1 

d 26' 

208 2 1 
2,292 6 

208 2 1 
88 2 J 

2 36 j 

f Reduction, but not signifl- 
\ eimt 


• IrtMifliopiHTS woro porinitled to ffed (fuld com'fntration) contimiously eviMi dunn’ the determinations. 
2 See footnote 2. table 1, for method of ealeiilation 
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Table 5. —The effects of apple leaf hopper injury on the rates of photosynthesis and 
transpiration of Stayman Winesap apple leaves, experiment E 


Date ol leaf 
activity 
measure- 

COa 
per 
cu. ft. 

Photosynthesis 
(COa per 100 
cm.2 pel liour) 

Check ^ 

E\- 

pected 

IlaO 
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ANALYSIS OF VAKIAXCR OF 


Item 

Photosyofliesis - - 
I'ransinrahon.. - 


Degrees of 

Sum of 

Mean of 

freedom 

squat es 

s<}uares 

1_i 

1,219 8 

1, 249 8 

1 » 

956 4 

! 106 3 1 

1_1 

277 8 

i___ i 

l 111 

1 

528 6 

1 1 

.62 9 1 


F j Remarks 

II 76 I Mj'riiflcimt. 

I 

5 2() i Sijj:nifU*ant 


^ Belw<‘en each scries of mcasuremeuts the* leafhoppers wen* petruitte*! to feefl. 
2 See footnote* 2, table 1, for method of calculation. 


EFFECTS ON PHOTOSYNTHESIS AND TRANSPIRATION OF APPLE LEAVES CAUSED BY 
FEEDING OF THE POTATO LEAFHOPPEK 

Experiment F 

The potato leafhopper {Kmpoasca jabae (Harr.)) is among the least 
common of the species that occur in the orchard, but the injury that 
is caust^s is easily identifiiMl. The typical fiu'ding puncture is made in 
the vascular system of the leaf or stem and tlxis usually results in 
blocking tln^ conducting tissues {11). Tln^ leaf area distal to tin' point 
of injury beconu's pale green in a triangular area bounded by veins 
and the leaf margin. Only mature leavers wi^re used in tliis experiment 
to avoid the typical curling that results from the feeding of E. fabae 
on leaves that have not reached full size. 

In a typical experiment about 10 to 15 leaflioppers per leaf wen' 
released in the cheesecloth cage over the apple shoot, aftcu’ a relation- 
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ship in motabolism bad Ixicn established between the two groups of 
leaves. The. insects were permitted to feed for a week. Apparent 
photosysthesis was reduced 29.1 percent, but there was no significant 
effect on transpiration (table 6 and fig. 3, F). Two additional foedir^ 
periods were accompanied by a reduction in the rate of photosynthesis 
of 31.1 percent and in transpiration of 33.6 percent. At this time the 
leaves exliibited the characteristic pale-green areas as the only external 
symptom of injury. The data for transpiration and photosynthesis 
w(>,re found to be "significant and highly significant, respectively. 


Table 0. — The, effects of potato leafhopper {(Empoasca fabae H.) injury on the rates 
of photosynthesu and transpiration of Stayman Winesap apple leaves, experiment ¥ 


! 
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> Bl'tvtefii <'uch st'ficv of nuusuroiiUMiis loafhopptTs jKTmiltod to feiHl. 
* Si't* f(K)tnoti‘ 2, tahl(' 1, for iiK'tliod of calmlatioii. 


EFFECTS ON INTERNAL STRUC^TURE OF APPLE LEAVES CAUSED BY THE FEEDING OF 

APPLE LEAFHOPPERS 

Microscopic examination of moderately injured leaves revealed small 
groups of (unpty palisade cells, often with oiu' or two uninjured cells 
in the center of each group. The cell walls appeared intact, although 
minute pumdun's through which cell contents were removed probably 
were prt'St'iit. Figure 5 shows cross sections of two apple leaves from 
which the c(dl contents of the upper palisade layer have been removed. 
Figure 5, 7f. shows an apple leafhopper killed, embedded, and sectioned 
in situ. Tlie proboscis was lost in sectioning, but empty cells in the 
palisade layer show where the insect was feeding. During the progi ess 















FrouRE 5.—Cross sections of Stayinan Winesap apple leaves showing white apple 

of fading injury: A, Injured and uninjured ie^lls 

of the palisade layer; B, cross section of leafhopjier head in feeding position on 
under side of leaf, showing relative size of the insect and the cells upon which it 





sopt. 16 , 1 W 2 The Effects of Leaf hoppers Upon Apple Leaves 279 


of these investigations a paper was published {11) in which somewhat 
similar results with apple leaves were reported. Smith and Poos {12) 
have pointed out that a small group of uninjured cells is often found 
in the center of a group of several injured ones where a leafhopper has 
been feeding. 

Leafhopper injury caused a reduction in the thickness and fresh 
weight of apple leaves. Several hundred leaves were weighed and 
examined under the microscope in the field. Severely injured Black 
Twig leaves weiglu'd approximately one-half as mucli (0.063 gm.) 
per unit area as uninjuretl leaves (0.123 gm.); they were from 0.097 to 
0.120 mm. thick as compared with a thickness of 0.149 to 0.193 mm. 
in uninjur(‘d leaves. 

DISCUSSION 

In most instances considerable stippling was evident on the 
upi)(‘r surfaces of the leafhoi>per-injured leaves before appreci- 
abh^ reductions in apparent photosynthesis and transpiration wc're 
recorded. A study of cross sections of injured leaves (fig. 5) shows that 
the spongy mesophyll tissue, in which probably a large part of the 
photosynthetic activity is carried on, is not affected until the palisade 
laycTS ar(» mark(‘dly injur(‘d. VVheji injured leaves are view(»d from 
ben(‘ath by transmitted light, it is apparent that more light passes 
through th(‘ small injured spots than through the uninjured areas. 
It can be assumed, then, that that part of a leaf (spongy mesophyll 
c(‘lls) immediately undcT an injured area (palisade cells) receives more 
light aftej* injury than it did before* anel e*onelitions may bo moi*e 
favcu able for photosynthe^sis in thisx*egion. 

A give'n numbe*!* oif potato le»afhoppers had a more detrimental effect 
em the*, metabolic activity than an e'qual number of leafhoppei’S of other 
spe*ci(*s; this is in agreement with the elata of Smith and Poos {12)» 
In almost every case thei leafhopper injury, wdieitlu'r of the vtun or 
m(*se)phyll type*, affe*e*te*el the* rate of photosynthesis more than the 
rate* of transpiration, auel usually sooner. An examination of the 
injured l(*aves she)W’e*ei that the* meule'rate*ly injiireel areas we're low in 
active clilorophyll, although in other re*spects tlu'y appe*ared normal, 
at le*ast morphole)gie’ally. Thus, while photosynthesis might be 
re*,eluce*el in tlu'se areas because e)f relative*ly low' chlorophyll contemt, 
the*. le)ss of wate*i' vape)r coulel go on at a rate more nearly normal. 
Seve*]-e^ injury by the potato leafhoppe*r {Empoasca fabat) or by 
apple* e)r grape* le*afhe)ppe*rs {Typhlocyha spp. and Erythroneura spp.) 
ultimate'ly resulte*d in a reduction in transpiration, associated wnth a 
blocking e)f the vascular tissue*s in the case of Empoasca (f/, 12, IS) ® 
anel a bre*akdow’n of the me'sophyll ce'lls in the case of the other two 
(5, 11 y and othe*i’s).® 

The^ elecrease in l(*af W'eight and thickness associated wuth leaf- 
lioppe*!* injury evieleuitly re*sults from the removal of the ce*ll conte*nts 
anel the eventual drying atid partial collapse of the injured cells. 
The*, total number of ce'lls is probably not affected by leafliopper injury 
on a given leaf, as the leaf is a primary body; how'ever, it is assumeel 
that reduced vigor of the infeste'd plant brought about by continued 
high populations of leafhoppers w'ill eventually re'sult in smaller leaves 
anel other plant parts, especially the fruits. 


«See footnote 4. 
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The question may arise as to which is more important to the 
welfare of the leaf—reduction in photosynthesis and transpiration 
caused by spray materials used to control the leafhopper, or injuiy 
from the insect itself. In practically all of the writers^ experiments 
with nicotine sprays (data unpublished) there has been a reduction 
in photosynthesis and transpiration for a day or so after spray applica¬ 
tions, and then recovery. However, the data on leafhopner injury 
presented hero show that a leaf does not recov’^er its original status in 
respect to appanuxt photosynthesis once it has been even moderately 
injured. This fact is of special importance whore early season leaf- 
hopper injury occurs on leaves. Cell structure and the capacity of 
the leaf to function properly arc advei-sely affected for the remainder 
of the season. This emphasizes the importance of early control of 
leaf hoppers, both from tlie standpoint of reducing later populations of 
the insects and of obviating the permanent effects that they may have 
on leaf metabolism. 

SUMMARY AND CONCLUSIONS 

Injury to Stayman Winesap apple heaves caused by sev('ral species 
of apple leafhoppers (Ty/iWoci/fta spp.),grape leafhoppers {Erythroneura 
spp.), and the potato leafhopper (Empoasca fabae) was accompanied 
by a more or l(*ss marked reduction in appartujt photosynthi'sis and 
transpiration. Photosynthesis usually was affected sooner and to a 
greater extent than transpiration. 

A given number of potato leafhoppers had a more didriinental 
eff(ict on leaf metabolism than an equal numlier of apple or grap(‘ 
leafhoppers. 

Cross sections of injured leaves showed that the nu'sophyll-h'eding 
types of leafhopper (Typhlocyba spp. and Erythroneura spp.) r(*mov(*d 
the contents of the C(‘lls in the palisade layers, whihj tlu' spongy 
rnesophyll cells were not significantly aflVct(*(l unless tlu' h»af had 
been seventy injured. 

The data show that appanuit photosyntlu^sis and transpij-ation of 
apple leaves may be nnluced early in the growing season wluui the 
leafhopper population is moderately low, and wlien this occui*s the' 
capacity of the injured leaves to function normally is peirrnanently 
impaired. Early control of tliese insects is tluu-effore important. 

LITERATURE CITED 

(1) Ball, E. D. 

1924. TIIK rORHK(’T NAMES OF THE LEAFHOPPERS INFESTINti THE APPI.E 

AND POTATO. Jour. EcoH. Eiit. 17: 594-600. 

(2) Childers, N. F,, and Brody, IT. W. 

1940. AN ENVIRONMENT-CONTROL CHAMBER FOR STCDV OF PHOTOSYN¬ 
THESIS, RESPIRATION, AND TRANSPIRATION OF HORTICl LTl RAL 

PLANTS. Aiikt. 8oc. llopt. Sci. Proc. (1939) 37: 384-390, illns. 

(3) De Lono, D. M. 

1922. THE boom nozzle SYSTEM A.ND THE TRACTION lU'STER AS FACTORS 

IN CRAPE LEAFHOPPER CONTROL. JoUF. KcOIl. Ellt. 15: 87-90, 

illlLS. 

(4) - 

1926. A NEW AND IMPORTANT SPECIES OF LEAFHOPPER INJCRING APPLE IN 

OHIO. Jour. Ecoii. Ent. 19: 46^-470. 

(5) (Jranov.sky, a. a, 

1926. STUDIES OF LEAFHOPPER INJURY TO APPLE LEAVES. (Abstract of 

paper) Pliytopatliology 16: 76. 

(6) Hartzell, F. Z. 

1913. THE GRAPE LEAFHOPPER. N. Y. (GcDova) Expt. St a. Bul. (n. s.) 

359, pp. 31-51, illus. 



Sept, u, 1942 The Effects of Leafhoppers Upon Apple Leaves 281 


(7) Hkinickk, a. J., and Hoffman, M. B. 

1933. AN APPARATUS FOR DETERMINING THE ABSORPTION OP CARBON 
DIOXIDE BY LEAVES UNDER NATURAL CONDITIONS. ScieDCO 77*. 

55-58, illus. 

(8) Lamiman, J. F. 

1933. CONTROL OF THE GRAPE LEAFHOPPER IN CALIFORNIA. Calif. Agr. 

CJol. Ext. Cir. 72, 20 pp., illus. 

(9) Osborn, H, 

1928. THE LEAFHOPPERS OF OHIO. Ohio Biol. Survey Bui. 14. V. 14, 
pp. [197] 374, illus. 

(10) Pettit, R. II. 

1933. THE PRINCIPAL GRAPE INSECTS OF MICHIGAN. Mich. Agr. P"xpt. 
St a. Bill. 239, 19 pp., illus. 

(11) Putman, W. L. 

1941. THE FEEDING HABITS OF CERTAIN LEAFHOPPERS. ('aiiad. Kilt. 73: 
39-53, illus. 

(12) Smith, F. F., hihI Poos, F. W. 

1931. THE FEEDING HABITS OF SOME LEAFHOPPERS OF THE GENUS EM- 

PCKSCA. Jour. Agr. Res. 43; 267-285. 

(13) Washburn, F. L. 

1905. PRELIMINARY REPORT UPON WORK AGAINST A DESTRUCTIVE LEAF- 
HOPPER (empoasca MALI, LE B.). U. S. Bur. Kilt. Bill. 52: 
43 47. 

(11) WlGGl.ESWOUTH, V. B. 

1939. THE PRINCIPLES OF INSECT PHYSIOLOGY. 434 pp., illus. Loildoil, 


481628—42-2 




EFFECT OF EROSION ON FERTILITY CHANGES IN THE 
SHELBY LOAM PROFILE ‘ 


By D. M. Whitt, Assistant Soil Conservationist, and C. L. W. Swanson, form¬ 
erly Junior Agronomist, Office of Research, Soil Conservation Service, United 

States Department of Agriculture ^ 

INTRODUCTION 

It is generally accepted that under virgin conditions the soil is 
never completely depleted of its fertility, but tends to reach a level of 
fertility in equilibrium with that of its environment (f ).^ The supplv 
of nutrients is adequate, therefore, for the native vegetation. v%il- 
fertility-depleting factors, such as cultivation, are absent. Erosion 
is at a minimum. 

The effects of most farming operations, with the commonly attendant 
removal of soil by erosion, have in too many instances decreased the 
once relatively large amount of nutrients in the soil. Observations 
suggest, also, that all too often farmers have used management prac¬ 
tice's that they believed would maintain or increase the productivity 
of their soil, when such practices were failing to achieve this purpose. 

Data obtained at the Soil Conservation Experiment Station, 
Bethany, Mo., show that, under similar conditions of soil, slope, and 
climate, the rate of soil n'lnoval is dependent largely upon the crop 
and cultural treatment.'* Each treatment affords its own degree of 
protection against the ('rosional action of water. Crop and manage¬ 
ment practices also cause chemical, physical, and biological effects on 
the soil that change the original soil propc'rties. 

Accurate soil- and wat('r-loss re(*ords from several plots have been 
kept at the Bethany station for a number of years. Soil-fertility 
analyses of these data hav(' been made to learn how soil- and crop- 
management practice's may affect soil lossc's or losses and gains in soil 
fertilitv. The results of these* pre'liminary studies dealing with soil and 
water losse's under differemt eTop and culteiral treatments arc presented 
h(*re, as such losses reflect the changes in fertility brought about by 
them. 

PLAN OF STUDY 

Soil samples were takem from plots of series 1 of the Bethany station, 
which are maintaiiu'd for comparative studies of various soil- and crop- 
management pj-a(‘tices. The cropping system, soil and water losses, 
and other pc'rtinent data are given in table 1. The plots were prepared 
in 1930, and the records for a complete crop year were begun on 
January 1, 1931, so that effects during 7 years have been measured. 

' R('c<‘iv<‘(l for iniblieatton February Ifi, 1942 Cooperative investipatioius in soil and water consiTvation, 
Office of Hesearcli, Soil Cons(»rvatlon Service, X:. S. Department of Agriculture, and Missouri Agricultural 
Experiment Station. 

2 Acknowledgment is made to Dr W A Albrecht, chairman, Soils Department, T^niversity of Missouri, 
for helpful suggestions and for guiiianei' dnnng the course of this study and in the preparation of this report. 

Italic numlH'rs in parentheses refer to Literature Cited, p. 207 

< Wooprttkf, C. M., and Smith, D. D, pkoorehs report of the problem area of .shklry loam anp 
RELATED SOILS, SOIL AND WATER CONSERVATION EXPERIMENT STATION, BETHANY, MO., 193(1-3o. W S. SoU 
Conserv Serv. E8R-5,180 jip., 1938. [Processed.] 
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Table 1.— Average annual soil and water losses for a 7-year period (t9St~~S7), 
Shelby silt loaniy plot series 1, Bethany^ Mo. 
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1 31 45 
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22 

.001 

, 4. ,545 

9. . 

i Surface fallow 

31.45 

9 28 

29 51 

9 28 
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..58 

1 11« 

10 ... . 
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31 45 

9 32 

29 63 

6 46: 

60 25 
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-__ 
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_ 

__ . 

__ 

_ 
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1. 



1 Plot 1, length, 145.2 feet, 0 02 acre. Other i lots, length, 72.6feet,0 01 am*. All plots, vMdth, 6 o fret, 
slope, 8 percent. 

2 Weight of plow-depth soil taken as 2 iiiillion pounds per acre. 

3 Rotation. Corn, w’heat (elover-tiniothy), clover-timothy. 

* Lime, 3 tons per acre, 1030, 20-pereent suiierphosphate, 250 jKiunds p(>r acre on wheat. Uolation ('orn, 
wheat (clover-timothy), clover-timothy. 

s Lime, 3 tons per acre, 1030, 20-perc(‘nt superphosphate*, 250 pounds i>er acre, e\er> 3 year*'. 

«In 1030, 7 inches of surface soil removed. 

Ill order that the changes in fertility through the removal of soil 
by erosion from the different plots under various crop and cultural 
treatments might bo compared on some basis, the study included an 
analysis, obtained in 1939 from a plot continuously in hluegrass since 
1930, of 1-inch horizons of a 0- to 13-inch profile. Since the amount 
of soil lost from this plot has been negligilile during the lime of the 
experiment, and since this plot simulates virgin conditions, it was 
taken as a basis for comparing the amount of soil lost and for evaluat¬ 
ing the gain or loss in fertility of the other plots. (Comparisons could 
be made of the 0- to 7-inch horizon of any plot according as it cor¬ 
responded to 7 successive 1-inch horizons of the t)- to 13-incli profile. 

Originally all the plots had the same depth of suiface soil, and there¬ 
fore the equivalent horizons of plots for comparing with the continuous 
hluegrass plot could be obtained by taking into consideration the 
amount of surface soil, in inches, that had been removed by erosion. 
A 13-inch depth was chosen arbitrarily as sufficient, because this 
depth extended into the subsoil or B horizon of the Shelby soil, and 
because soil removal on none of the plots had exceeded this depth. 
In general, tliis method of approach conforms to the practice followetl 
in making conservation surveys (8). Characteristics of profiles undis¬ 
turbed by erosion were used as a basis from wliich to determine the 
degree of erosion that had occurred on truncated soil profiles. 

Another reason for extending the sampling to include part of thc 
subsoil is the fact, brought out by conservation surveys, that many 
of the Shelby soil areas now are being farmed on or near subsoil levels. 
Additional information is needed in order to treat the subject of sub¬ 
soil farming more intelligently. Soil- and crop-management prac¬ 
tices advocated for comparatively noneroded soils apparently have 
not met with success when applied indiscriminately to more or less 
desurfaced soils. 
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Further information pertaining to the plots is contained in a report 
from the Bethany' station, and various chemical and physical char¬ 
acteristics of the Shelby loam profile and the soil on each plot are re¬ 
ported in other publications of the Department of Agriculture { 6 , 7 , 10 ). 

Annual samples, representing a composite of seven borings for each 
plot, taken by beginning 5 feet from the top of the slope and extending 
downward at 10-foot intervals, were obtained each fall from the sur¬ 
face 7-mch layer of the plots under study. Plot 1, in continuous com, 
was twice the length of the other plots, and was divided equally into 
upper and lower sections. Each section was sampled like the other 
plots. Plot 8, in continuous bluegrass, which was used as the basis for 
comparisons with the other plots, was sampled during the spring of 
1939 by 1-inch horizons to a 13-inch depth. The seven borings on 
this plot for each 1-inch horizon were composited. These samples of 
limited horizons measure the changes by 1-inch surface units that 
would occur in the profile with progressive erosion. 

To obtain a measure of the changes in fertility of the plots, the 
successive 1-inch profile samples (0 to 13 inches) taken on plot 8, in 
1939, and the annual composite stirface samples (0 to 7 inches) taken 
in 1931, 1933, 1935, and 1937 on the other plots, were analyzed for 
their total exchange capacity, exchangeable calcium, exchangeable 
magncsiuni, total carbon content, total nitrogen content, and 
hydrogen-ion concentration. Ammonium ac.('tate was used as the 
leaching agent for the base-exchange determinations. Exchangeable 
calcium and magnesium in th<‘ leachate were determined by standard 
analvtical methods. The total carbon content was measured by dry 
combustion and convcu'ted to organic-matter percentages by using the 
conventional Wolff factoi-, 1.724. The Kjeldahl method was used in 
determining total nitrogen. The pH was measured with a quinhy- 
dronc electrode. 

EXPERIMENTAL RESULTS 

The results may be shown most conveniently by presenting fii-st 
the (lata from the jirofile of plot 8, continuously in bhu'grass and 
with insignificant erosion. The properties of the successive 1-inch 
horizons of this nonerod(‘d i)rofile will serve as a basis for comparing 
the properties of tin* profih's of the other plots under their different 
treatnu'nts. Any dilf(>rences will corrcvSpond to greater or lesser 
amounts of erosion and truncation of the profiles of these plots. 

PROFILE CHARACTERISTICS OF THE NONERODED SOIL 

Characteristics determined for the 1-iiudi horizons for the 0- to 13- 
inch profile on the noncroded bluegrass plot (plot 8) included total 
cx(5hange capacity, ('xchangeable calcium, (»xchang(‘able magnesium, 
pH, organic matter, and nitrogen. The detailed data arc given in 
table 2 and pr<‘sented graphically in figures 1 and 2. Perhaps the 
most noticeable fact in the data, considered as a whole, is the similarity 
in properties of the first six or seven successive 1-inch horizons. 


* Set* footnote 4 
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Figure 1.—^Exchatigoablo calcium and magnesium, lotal cxchatige capacity, and 
of the soil at different levels in the profile of the nonerodod bluegrass plot. 
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Table 2. —Cherniral properties of hluegrass plot profile, 1939, Shelby silt loam 


Profile depth 
(inches) 

Total 
ex¬ 
change 
capac¬ 
ity 1 

Exchangeable 

calcium 

Exchangtable 

magnesium 

Total exchange¬ 
able calcium- 
magnesium 

Organic 

matter 

Nitro¬ 

gen 

C/N 

ratio 

pH 


Milli- 

Milli- 


MiUi’ 


Milh- 



. 




fgttwa- \ 

egutva- 

PerceiiO 

eguiva- 

Percent^ 

egutva- 

l^rcenO 

Percent 

Percent 




tents ‘ ! 

tents * 


tents * 


tents ' 






0-1. _ 

20 10 

14.60 

72.64 

3 68 

18 31 

18.28 

90 95 

5 71 

0.270 

12 28 

6.1 

1-2 . _ 

17.80 

10 93 

61.40 

3 37 

18 93 

14 30 

80 34 

3.82 

.181 

12 24 

6,2 

2‘i 

18 77 

11.02 

58.71 

3 34 

17 79 

14.36 

76.61 

3 75 

.179 

1 12 14 

6 1 

_ 

20 65 

12 98 

62 86 

4 75 

23 00 

17.73 

85 86 

3 71 

.178 

12 08 

6.1 

4-h . .. 

18 48 

10 6;^ 

57.52 

3 59 

19.43 

14 22 

76 95 

3 61 

, .177 

11 84 

6 0 

5-6 . . 

18. .53 

10 ,56 

,56 99 

3 72 

20 OK 

14 28 

77.06 

3.09 

.1.54 

11.66 

5 9 

6-7 

ly 84 

11.50 

57 96 

3 69 

18 60 

15 19 

76.56 

2 44 

.121 

11 67 

6 0 

7 8 _ 

22. 54 

12 94 

57 41 

7 (HI 

31. (Hi 

19.94 

88 46 

2 29 

.111 

n 99 

5 7 

8'«. 

25 00 

13 79 

,55 16 

7 12 

28 48 

20 91 

83.64 

2 19 

110 

11 .53 

5 6 

0 16_ 

26 49 

15 04 

56 78 

8 31 

31.37 

Zi 35 

88.15 

2 10 

108 

11 29 

, 5 6 

10-11 

29 22 

16 32 

.55 85 

9.13 

31 25 

25 45 

87 10 

2 05 

.107 

n 14 

1 6.2 

11-12 _ - 

29 73 

17 57 

.59 10 

9 04 

30 41 

26 61 

89 51 

1 94 

. 105 

10, 72 

i 0 1 

12-13 

30 66 

17 48 

.57 01 i 

9 10 

29 68 

26 ,58 

86 69 

1 78 

.097 

10 66 

1 ^ ^ 

0-7 _ 

19 17 

11.76 

61 29 

3 73 

19 46 

16 48 

80 75 

3 73 

180 

12 (» 

6 1 

7-13 _ 

27 27 

15 52 

56 91 

8 28 i 

:K) 36 

23 81 

87 31 1 

2 06 

.106 j 

il 26 

5 9 

0-13 . _ 

22 91 

13 49 

58 88 

[ 

5.83 

25 45 

19 .32 

84 33 

2 96 

.146 i 

11.75 

6 0 


I Millu^quivaU'iits ix»r 100 gm. of soil. 

^ Percentage of total exchange capacity. 


TOTAL EXCHANGE CAPACITY, EXCHANGEABLE CALCIUM, AND EXCHANGEABLE 

MAGNESIUM 

The total exchange capacity, exchangeabh* calcium, and extduinge- 
able magnesium were fairly constant in the surface' 7 inchc's of soil. 
This is due partly to the effect of soil mixing resulting from iiloA^ing 
prior to the time when the bluegrass was established on the plot. 
No explanation can be given at the present time for the increase' in 
the 3- to 4-inch layer. The effect of organic matter on the base- 
exchange properties is shown in the' 0- to 1-incli horizon. This horizon 
has a higher organic-matt('r content (5.71 percent), with a corn'spond- 
ingly higher amount of exchangeable calcium (14.00 milliec|uivalents 
per 100 gm. of soil) than the average organic-matter content (3.73 
percent) and exchtmgeable calcium (11.75 milliequivalents) for the 
0 to 7-inch liorizon. The total exchange capacity and excliangeabh' 
magnesium increased less, proportionately, in the (*orresponding 
horizons. A gradual increase in magnitude occurred as the clay 
content increased with depth. Base saturation follow^ed the same 
trend. 

pH Values 

The pH values of the soil were fairly constant in the surface 7 inches. 
They decreased in the 7- to 10-inch horizons, and increased in the 
lower 3 inches to approximately the values of the surface 7 inches. 

ORGANIC MATTER AND NITROGEN 

The organic matter and the nitrogen content both decreased 
decidedly at approximately the 6-indi level in the profile. An inde¬ 
pendent study of the depth of root penetration of different crops 
tested at the station showed that the mass of bluegrass roots did not 
penetrate much below 6 inches. This fact and the prior effects of 
plowing may account for the change. 

The progressive accumulation of organic matter in the continuous 
bluegrass plot for the period 1931 to 1937 (table 3, plot 8), and the 
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high base saturation of the exchange complex suggest that the calci¬ 
fication process of soil development might be operating under these 
environmental conditions. There may have been considerable leach¬ 
ing, but even so it was not enough to remove much of the carbonates 
to lower levels in the profile. 

The process of leaching may have been retarded during this period 
especially during the last 2 years, a fact which might be attributable 
to the precipitation deficiency of 22 inches for the 7-year period. 
The normal annual precipitation, based on 50 years of records, ob¬ 
tained at the United States Weather Bureau Station at Bethany, is 
34.44 inches. In 1936 and 1937 the annual precipitation was only 
24.43 and 21.80 inches respectively. 

The accompanying incrc'ase in nitrogen content suggests that con¬ 
ditions may have been favoring increased microbial activity of non- 
symbiotic nitrogen-fixing organisms. Definite conclusions on this 
point, however, are not warranted at this time, nor will they be until 
the microbial relationship of these plots is studi(‘d. 

Albn^cht and Smith (£) have shown that for the' nonlegumes 
redtop and bluegrass, a soil completely saturated with calcium was 
more effective in the delivery of nitrogen from the supply in tlu^ soil 
to the crop than was a partly saturatc'd soil. Since the percent base 
saturation for this plot (plot 8, table 3) increased from 77 in 1931 to 91 
in 1937, and since environmental conditions suggest a minimum leach¬ 
ing of nitrogen, it appears that the relatively large' increase in nitroge*n 
found for the continuous bluegrass plot is not entirely fortuitous. It 
would seem that the nitrogen accretion can be' attributed at least in 
part to an a(*cumulation of the* immobile nitrogen combiiu'd in the 
residue of plant and microbiological tissue's. 

Recent work has shown that nitrogen move's elownward rne)re rapidly 
in acid than in alkaline soil profile's (.9); lime also has been fe)unel to 
flocculate a part of the organic nitroge'ii in sefiution. It ai)pears that 
when there was a change in soil reaction fre>m moderate acidity 
(pH 5.6) to nearer neutrality (pll 6.2), accompanied by a 2r)-perce'nt 
increase in the calcium saturation of tlie exchange complex, the rate 
of nitrogen removal to lower horizons was reduc('d. Th(' result was 
an increase in nitrogen conU'iit from 0.173 in 1931 to 0.205 pi'rcent 
in 1937. 

The accumulation of organic matter has not only increased the 
nitrogen content, but its subsequent (h'compo.sition has set free all tin* 
other nutrients found in combination with it. Oreat(*r (luantitic's of 
organic acids are releas(*d by the greatt*r amount of clecoinposing 
organic matU'r. These, in turn, n'h'ase grc'ati'r ston's of mineral 
nutrients, such as calcium, from the soil miiu'rals. These combined 
effects, along with the increased microbiological activity, may ex¬ 
plain in part the progressively larger amounts of exchangeable base's 
found under continuous bluegrass. 

PROFILE CHARACTERISTICS OF THE ERODED SOILS 

That truncation of a profile by erosion reduces the fertility content in 
measurable amounts is indicated by comparing the characteristics of 
the eroded plots with those of the nonoroded profile under bluegrass. 
Plowing and cultivation of the surface soil, which bring up soil from 
deeper horizons, sc'rve to complicate the measurement of the changes 
in the surface-soil characters caused by erosion. Observation and 
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evaluation of these disturbances in the profile are possible from the 
station studies. 

Total Exchange Capacity 

An excessive soil loss from the Shelby loam is reflected in an increase 
in the total exchange capacity of the remaining exposed surface. 
This is demonstrated clearly by the data in table 3 for plots 2 and 9, 
on which excessive erosion occurred, and by plot 10, which was arti¬ 
ficially eroded by removing 7 inches of surface soil in 1930. By 
calculating the soil loss in tons per acre on the acre-inch basis and 
using this figure to detcnninc the amount of surface soil removed, 
it is evid(‘nt. that progressive amounts of the subsoil became mixed 
with the surface* soil each year in which it was tilled to a constant 
depth for the* following crop. Physical analyses of a typical profile 
from these plots show that the clay content incre*ase'd with depth {6). 
As the progre*ssive mixing of the surface and subsoil continued, the 
total e*xchange capacity increased, since clay content and total ex¬ 
change capacity are close*ly associatenl. 

Although ])lot 1 cannot be compared directly with the other plots, 
be*cause* it is twice their length, the data in table 3 show that as 
erosion increased, the exchange capacity decreased in the upper half 
and incr(*as(‘d in the lower half of the plot. It is known that, as the 
length of slope increases for this type of soil {12),^ the amount of 
soil lost increas(*s. This increase* was greater on the lower half of 
the plot, where more* of the subsoil was eroded. The upper half of 
the* plot shows the* eff(‘ct that organic matter has on total exchange 
capacity. As tin* organic matter decreasc'd, the exchange capacity 
also d(*(*r(*as(*(l. With but a simdl soil loss, and with the organic 
matt(*r remaining constant (plots 3, 4, 5) or increasing (plots 6, 7, 8), 
th(* total (*xchang(* capacity remained at approximately the same 
l(*vel for the 7-y(*ar p(*riod. 

Fxciiangkable Fmch m am> M \gnk,mi m 

An examination of the data for plots 1, 2, 9, and 10 in table 3 
shows that a general paraillelism exists betwe(*n the (‘xchangeable 
bases and the chiy content. In these* plots erosion has removed 
various aimounts of surfaice soil, and this should, according to deter¬ 
minations of the profile* re*pe)rteel e*lse*whe*re* (6*), result in the incorpora- 
tiem of increasing amounts of (*lay from the subsoil into the surface 
soil. Since tlie'se plots (1 anel 2, continuous corn; 9 and 10, fallow) 
rece‘iveel only small incre*m<'nts of organic matter or none, the eflfect 
of organic matter on the* e'xchangeable bases is minimized. This is 
(‘learly she)wn by plot 2, wlu're, as the pe*rcentage of organic matter 
decrease*d, an increase* in clay contemt counteracted the decrease to 
maintain an approximately constant level e)f exchangeable bases. 

The ('fleet of organic matter on exchangeable calcium also is demon¬ 
strated. Wlu're the amount of soil erod(*d was small, but an increase 
(plot 8) or d(*crease (plots 3, 4, 5) in organic matter had occurred 
for th(* period, there were corresponding increases or decreases in 
exchangeable calcium. As was to be expected for plots 6 and 7, 
fertilizer and limestone treatments materially increased the miUi- 
equivalents of exchangeable calcium. 


«See foolnote 4. 
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pH Values 

There was no direct relationship between pH and rate of soil loss. 
There appeared to be no relationship between pH and exchange 
capacity, or exchangeable calcium and magnesium; McGeorge {6) 
pr('viously reported a similar lack of relationship. 

Organic Matter and Nitrogen 

There appears to be a relationship between surface-soil removal 
and the pcTccntage of organic matter and total nitrogen content in the 
remaining soil (table 3). In the continuous bluegrass plot there was a 

f )rogrcssive increase of organic matter and nitrogen and a negligible 
OSS of soil, in contrast to a progressive decrease oi organic matter and 
nitrogen with high soil losses in the fallow and continuous com plots. 

Comparison of the nitrogen content of the continuous bluegrass 
plot with that of the rotation plots (plots 3, 4, 5, 6) shows that the 
latter did not reach the nitrogen level attained by the bliiegi*ass plot. 
This observation agrees with tliat of Jenny {Jf) on the effect of farming 
operations on the nitrogen conttmt of the soil. 

Wlien the data for the untreated rotation plots 3, 4, and 5 are 
averaged by years it is found that this rotation did not maintain the 
original level of organic mattcT and nitrogen. Some idea of th(‘ effect 
that soil treatment may have can be obtained by comparing plot ti 
(treated) with plot 5 (untreated). Although the original level of 
nitrog(‘n and organic matter was lower on plot (i, the values in tabh* 3 
show that on this plot (rotation with soil treatnu^nt) tin* organic 
matter and nitrogen contemt were maintaiiUHl, while on ])lot 5 (rotation 
without soil treatment) both dc'creased slightly. Thi‘ treated rotation 
not only maintained the organic matter anci nitrogen, but op(*rnted 
also to decrease the soil loss. 

DISCUSSION AND CONCLUSIONS 

Soil surveyors know that it is often difficult to ascertain how much 
of the original surface soil has be<'n removed by erosion. This is true 
especially where th(' surface soil has been mixed with the underlying 
subsoil by plowing. With the plots studied, all having had different 
rates of losses, depending upon the crop and cultural treatment, some 
understanding of the relative position of each plot with regard to 
native profile conditions may be obtained by comparison with the 
O-to-13-inch standard profile. 

In order to compare the data from other plots with the profile of 
plot 8 (continuous bluegrass), it was necessary to plot the magnitiuh' 
of the soil property under consideration against soil loss. Since* soil 
loss from plot 8 was negligible, and since the annual composite samples 
were taken from the top 7 inches, the average of the top seven 1-inch 
horizons of this plot was taken as zero soil loss. This procedure is 
logical, since originally all plots had the same soil depth, except plot 
10 which was desurfaced. 

Two lines are plotted in figures 3 and 4 from the data for plot 8. 
Both lines are made of data secured from the analysis of samples 
collected in 1939, but corrected for each 1-inch horizon, to such ext(*nt 
as the average of the s(*ven 1-ineh horizons in 1939 varied from the 
value of the single 7-inch sample in 1931. No samplings other than 
those of 7-inch horizons previously had been made. While this 
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method of correction may be open to criticism, it was taken as the 
best at hand for comparative purposes. 

The broken line in figures 3 and 4 results when it is assumed that 
successive l-inch layers of soil are lost from the surface, which would 

16 -^^^-,-,- 



be the case without plowing. This loss amounts to a running average 
of 7 inches, using the data in table 2. The solid line represents the 
results obtained when plowing to a depth of 7 inches is assumed each 
time 1 inch of soil is lost. By the use of this last method an attempt 
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is made to consider the mixing effects resulting from tilling the soil foJ 
cultivated crops. 

No attempt was made to compare directly the plots in scries 1 witl 
selected 1-inch horizons of the continuous blaegrass plot; emphasu 



was placed rather on observing the trend of the values in these plots 
and comparing them with the values obtained for tlie continuous 
bluegrass plot. 

Figure 3 illustrates the fact that when 1 inch of topsoil is removed 
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by erosion^ it does not necessarily follow that the exchangeable 
calcium and exchangeable magnesium in the remaining soil profile will 
conform to that of the respective horizons contained under native 
profile conditions (0- to 13-inch profile). However, the plotted results 
show that with progressive acciunulative erosion losses, which means 
that the profile will be truncated more each year, the soil properties 
tend to follow the design of the values obtained for the native profile. 
For the Shelby loam, the results show that as depth increases, the 
total exchange capacity and exchangeable bases increase. Slater and 
Byers {10) re^ported similar results for the exchangeable bases of the 
soil colloids by definite horizon depths for this soil profile. 

From figure 4 it would seem that the organic-matter and nitrogen 
content change at very nearly the rate indicatc'd by plot 8, when no 
plowing is assumed (broken line). But since all plots except 8 were 
tilled—plots 1, 2, and 9 annually and 3, 4, 5, and 6 every 3 years— 
th(‘y might be expected to follow the solid line (plowing). The fact 
that d(‘creas(‘s in organic matter and nitrogen are greater than would 
be (»xp('ct(»d may be explained by the fa(*t that the lim^ plotted for 
plot 8 takes into account only the losses subsequent to erosion, and 
not those that accompany crop production and oxidation brought 
a])out by plowing. 

Slat('r and Carleton {11) r(*porled earlier on the loss of soil organic 
matter in this region. Th(*y found that organic-matter content 
dropp(‘d 0.002 p<*rcent on both Shelby and Marshall soils for each ton 
of soil lost by erosion. This value was calculated by assuming a linear 
r<‘gression, and they point out that ^‘the line in reality must be a 
curv(» since the organi(*-matt<'r contcuit of the soil cannot be reduced 
below z(*ro, while erosion can continue indefinitely.^^ 

Th(* results of this study indicate that the rate of loss of organic 
niatt(*r and nitrogcui (l(‘crt'ases, which also gives a eurvcKl line. Al¬ 
brecht (/) points out that— 

thi.s bic.h rate of (ieplotion will not continue. As is (rue for all biochemical proc- 
es.ses, the early rate of consumption is rapid, which pives a sudden decrease. 
* * * Look contimu'd experiments, accom])anied by soil analyses, prove that 

the orMianic-iiiatter content of a soil will reach a fixed level characteristic of the 
surrounding? climatic conditions. 

To clinnitic conditions may be added cropping practices. The 
bliK'grass and alfivlfji plots are somewhat above the natural equilibrium 
ill organic-matter content (3.54 percent) for this section of Missouri 
{!); a fertilized rotation of corn, wheal, clover with timothy is approxi¬ 
mately in equilibrium; and the same rotation unfertilized is slightly 
below. It would seem that the plots in corn and fallow have passed 
the peuiod of sharp d(»cline, and now an» decreasing in organic-matter 
content at a slow(*r rate. 

It is of interest to note that, for a 3-year rotation of corn, wheat, 
and clover-timothy with fertilizer and lime treatment, the fertility of 
the soil was not only maintained but the yields were increased. Yield- 
data records for the period show increases of 45 percent for clover- 
timothy, 69 percent for wheat, but no significant difference for corn as 
compared with the non treated plot. Observations suggest that a 
drought which occurred at a critical period when the corn was 
maturing had a greater effect on yield than any other single factor. 

The results obtained do not indicate that any one soil property can 
be used as a criterion to evaluate the amount of soil loss, or more 
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specifically, the amount of surface soil remaining. However, by con¬ 
sidering several soil properties it would seem that an evaluation can 
be made. Of the soil properties studied, organic-matter and nitrogen 
content appear to indicate most nearly the degree of truncation of 
soil profiles by erosion. 

Values obtained from a study of the 0- to 13-inch horizon indicate 
that, if the rate of erosion is small, the amounts of subsoil brought to 
the surface by successive truncations of the profile by erosion will be 
of benefit to the surface horizon. Exchangeable calcium and magne¬ 
sium lost through leaching, crop removal, and erosion would be re¬ 
plenished partly or wholly. Nitrogen and organic-matter deficiencies 
would bo corrected by tlu^ combined activities of micro-organisms and 
legumes, since conditions for their growth and development would be 
favorable*. The use of lime and phosphate would still be desirable 
for maximum yields. 

From the r(*ceut work of Graham (3) it would seem that the average* 
soil loss of 0.025 acre-inch per year fremi plot 6 would not be so gre*at 
that the primary minerals ine*orporated from the subsoil with the 
surface soil vrould loAver the soil-fertility hived. Minerale>gie*al 
analysers show that this soil contains apprennable* amounts of calcium- 
bewaring minerals.^ Midelleton et al. (3) founel that the perc(*ntage* of 
C^iO increaseHl with an increase in profile dewpth. 

Unpublisheel data by Wooelruff and Simerly® show that uneler 
field conditions sand and silt may aceumulatew as a result of the* clay 
fraction being carried off in suspemsion by the run-off w’ater. Data 
reporte*d by Middleton et al. (7) for the years 1931 and 1932 for these 
plots are in agreement with the foivgoing conclusions; the*re* is a markewd 
increase in clay content in the soil eroeled from the ])lots as compared 
with the plot composite's. 

For the plots fallowe'd anel fe)r the)se in cultivate*d crops the mewchani- 
cal compe^sition of the* eu'oele*el mate*rial is similar to that of the soil 
remiaining. For the uncultivated crops the* e*roele*el mate*rial is finer 
in tcwxture* than is the surface 7 inclu's of soil. There*fe)re*, the* te*xture 
of the soil she)ulel not change* materially from the* original by aelelilie)ns 
of clay from the subsoil. 

The data in table 1 show that a rotation not only keeps the* se)il 
loss at a practical minimum, but alse) greatly re*eluce*s surface run-off, 
as compared with the ce)ntinuous corn crop. Unpublishe*el re*sults 
of a study of the relation betwe*e*.n pre*cipitation and surface* run-off 
for the*se plots for a 9-ye*ar period (1931 -39) show that bliu'grtiss 
was three times as e*ffe*ctive and a rotation of corn, wheat, cle)ve*r- 
timothy twice as effectiv(w as continuous corn in preventing run-off.'* 

As the cultural operations we*re with the slope, it appe*ars logical 
to conclude that if these operations were carried out on the contour, 
the soil and water losses would be rewduced further. Data from ex¬ 
perimental area 5-N, which is similar to the fertilized rotation plot 
in soil type, slope, and treatment, except that it repres(*nts a field 
actually terraced and contour cultivated, show that the soil loss for 
a 6-year period (1932-37) was 1.02 tons per acre per year. At this 

^ Unpublished soil inineralogical data, by J. R. Johnson. Iowa Arf. Kxpt. Sta. 1939. 

• Woodruff, C. M., and Sjmerlv, M. E. the size distribution of materials eroded from differ¬ 
ent SLOPES, Unpublished data. Mo. Arf. Expt. Sta. 1940. 

» Smith, D. D., and Swanson, C. L, W. a preliminary stt’dv of the relationship between pre¬ 
cipitation AND surface run-off. Unpublished data. U. S. Soil Coiwerv. Serv. Res., CorLwrv. Expt. 
Sta., Columbus, Mo. 1940. 



Sept. 15,1942 Effect of Erosion on Fertility Changes 297 

rate of soil loss, 980 years would be required to remove the surface 
7 inches. 

These data also suggest that the application of conservation meas¬ 
ures on a practical field basis to reduce the deleterious effects of 
erosion would not only reduce to a practical minimum soil and water 
loss(*s, but would also maintain the fertility of the soil. 

It app(‘ars possible that soil of typ(‘s similar to Shelby loam can be 
rejuvenated and conserved for yc^ars to come. The data obtained 
sec'in to suggest that there is som(‘ benefit to be gained by the addition 
of small increments of subsoil to the surface soil, if at a slow enough 
rat(‘ and when combined with the organic matter introduced by proper 
cropping. This rc'sult may be achieved by employing judicious soil-, 
crop-, and conservation-management practices. 

SUMMARY 

Data are presented showing the results of analyses for total exchange 
(capacity, exchangeable calcium, exchangeable magnesium, organic- 
matter content, nitrogen content, and h^vdrog(ui-ion concentration of 
Shelby loam from plots planted to different crops and maintaiiKKl 
under diffenuit cultural conditions at the Soil Conservation Experi¬ 
ment Station, Ih^thany, Mo. Results of the same determinations on 
I-inch horizons of a 0 to U^-inch profile continuously in bluegrass also 
ar(‘ reported for coin|)arative purposes. 

According to the data for the profiles by 1-inch horizons, the 
exchange (‘apacity, th(‘ exchangeabh* bases, and the base saturation 
inen^ase wlnueas tin* organic matter and nitrogcui content decrease 
with increasing depth. 

Nitrogen and organic matter appear to decn‘ase at a decreasing 
rate as (U'o.sion progr(*ss(‘s. In general a decrease in organic matt(T 
and nitrogiui occurn'd with increas(*d soil loss. This decrease occurred 
at a rate Ixdow that to b(' (‘xp(‘cted from the profile study. 

Th(' base exchange projxa ties follow the trend of the values for the 
0 to 13-inch profile of the bluegrass plot. The effect of organic matter 
on these properties is j)ointed out. 

It was found that the fertility of the soil was maintained by a 
3-vear rotation of corn, wh(*at, clover-timothy with fertilizer and lime 
treatini'iits. The rate of soil loss was small enough so that the 
deleterious effects were countera<‘te<l by the incor])oration of small 
inenunents of the subsoil. The clay added from the subsoil was 
removed in the surfact* run-olT in such amounts as not to alter materially 
the texture of the soil. Additions of subsoil increased the amounts 
of exc]iang(‘able calcium and magnesium. 

No relation was obsiawed between the concentration of hydrogen- 
ions in the soil and soil loss. 
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FACTORS AFFECTING DISTRIBUTION AND SEVERITY 
OF BLACK ROOT ROT OF APPLE TREES ^ 

By J. S. Cooley 

Senior pathologist, Division of Fruit and Vegetable Crops and Diseases, Bureau of 
Plant Industry, United States Department of Agriculture 

INTRODUCTION 

Cortaiu aspects of the geo^^raphic, ecologic, and host-parasite factors 
that appear to affect the distribution and severity of black root rot 
of apple trees, caused by Xylaria mali Fromme, and experiments deal¬ 
ing with some physiological studies of the pathogen are reported 
herein. Since the distribution of this root rot is restricted, a study 
of its environmental limitations, together with inoculation experi¬ 
ments, should throw some light on the conditions favoring or hindering 
infection. 

DISTRIBUTION AND SEVERITY OF BLACK ROOT ROT 

Black root rot is distribut(»d from Pennsylvania to Georgia and 
w(‘stward to Arkansas. Serious losses have been (*onfined to the 
<'(ntral and soutliern parts of tin* range, and the losses in Pennsylvania 
and Maryland have been unimportant. Th(‘ greatest losses have 
occumvl in the fruit-growing s(‘clions of Virginia, West Virginia, and 
th(‘ Stat(‘s to th(‘ south and also in th(‘ Ozark region. Although the 
root rot has been obs(*rved in tin* CViastal Plain, which is not an 
('Xtensive fruit-growing section, it has not caused sevens losses there. 
Th(» gtau'ral distribution of the disease is probabl^^ influenced directly 
or indirectly by temperature. As will lat(*r be shown (p. 302), the 
optimum tcanperatun*. about 25° f\, for the strain of the pathogen 
studied is fairly high for a soil-inhabiting organism. Temperature 
may h(* a factor in the freijuent occurrenc(‘ of the disease in Virginia 
and other Southern Statics and in its infreijuent occurrence in Penn¬ 
sylvania. 

High t(Mnp(*rature may influence susceptibility by favoring tin* 
pathog(*n or by advta-.scdy afl’ecting host resistance. 

Kvcai within the range of its most freqiK'iit occurrence there is con¬ 
siderable irregularity in the distribution of the disease. No adequate 
explanation for this can be given at this time. Among the possible 
contributing factors may b<» genetic ditrerenc(‘s in the parasite. A 
study of th(‘ j)athog(»nicity of different isolates, reported elsewhere in 
this pa])(*r (p. 303), gives .some ground for this conclusion. Probably 
the most important factor, hownwer, that affects the local distribution 
of the disease is the edaphic environment of the host. 

]\)ssibly a deficiency of moisture is concerned in the local abundance 
of the disease. Many instances have been observed in which the 
disease was much more prevalent on a knoll where moisture and 
fertility wwe presumably less favorable to tree growth than in the 
rest of the orchard. How^ever, consideration should be given the 
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following correspondence from F. el. Schneiderhan, who, with F, D. 
Fromine, spent several years in intensive work on this disease in the 
Shenandoah Valley apple section of Virginia: 

I have found more root rot in orchards growing in rich orchard soil than in 
poor soil. Most of Fromnic’s and iny observations wore made in the better 
orchards in Virginia and West Virginia. I admit that we found considerable 
mortality on Ben Davis orchards after the 1930 drought, but in most- of these 
cases root rot was associated with blister canker and 1 do not know which was 
the major factor. * * ♦ 

Some of the severest infections found near Winchester were at the low^er part 
of orchard slopes where moisture content and soil nutrients W'ero highest. I have 
always believed that the availability of fungus inoculum was the important 
factor in the localization of infection within an orchard. 

The distribution and the severity of the disease are probably de¬ 
pendent on a number of interrelated and concomitant conditions. 

INFECTION WITH XYLARIA MALI 

MATERIALS AND METHODS 

Prior to 1936 inoculation wwk was conducted at Arlington Exi)eri- 
ment Farm, Arlington, Va., on nursery trees 2 to 5 years old. In 
1936 and later inoculations were made at the United States Ilorti- 
cultural Station, Beltsville, Md. Natural infection by Xylaria rnali 
has not been found in these locations, but experience has shown that 
apple trees growing in these localities may be fairly readily infected 
by inoculation with pure cultures of the fungus. Ihiless otherwise 
stated, the material and methods used were those des(*ribed below\ 

Roots of apple (Malus pvmila MiW,) trees wwe inoculated in situ 
by removing enough soil to expose root tissue; against this wuis laid 
a piece of apple twig, about 2 inches long, on which a profuse grow th 
of the fungus had been produced in artificial culture'. The soil was 
replaced after inoculation and not disturbed until records w^ere taken, 
usually at the end of the growing season. In the inoculations made 
in 1932 and 1933, a wound was made into the cambium. All sub¬ 
sequent inoculations wwe made by applying the inoculum to a shallow 
wx)und made by scrajjing with a trowel. Unless otherwise stated, 
the inoculum w^as a highly pathogenic clone (No. 57) isolated from 
an infected apple root from Blueniont, Va., and the field inoculations 
were made in July. 

Wliere inoculations were made on trees that had been dug, the 
inoculum was held by a rubber band against an open incision in the 
root and after inoculation the roots were wrapped in paper and stored 
in moist peat. 

Since infection did not occur on uninoculated trees or even on 
uninoculated portions of inoculated roots, it was not considered 
necessary to leave part of each plot uninoculated as a che(*k on 
infection. 

EFFECT OF KIND AND QUALITY OF INOCULUM 

On February 2, 1934, inoculations wi're mad(‘ to determine tin' 
effect of the <*haracter and quantity of inoculum usi'd. On(*-year-old 
apple seedlings were sorted into uniform lots of 10 trees \*ach, 4 
incisions were made in each tree, and each wound was inoculated 
with 1 of 3 typi's of inoculum. The inoculum was (1) a mass of 
mycelium and agar from an agar culture, (2) a small chip from an 
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inoculated heat-sterilized apple twig on which the fungus had been 
allowed to grow for 2 months, or (3) a pi(‘ce of twig 2 inches long 
prepared as in (2). After inoculation, the seedlings were packed in 
moist peat and held in a cool room (15® to 20° C.)* The results 
of this experiment are given in table 1. 


Tablk ^ .- Influence of type of inoculum on infection of apple seedlings inoculated 
With Xylaria malif Feb. 2. 19^4 

IU) tioos inoculaliMl at 4 incisions each] 


Ty|M' of inocuiuin 



Results on Apr 27, 1934 




Incisions 

infected 


I 

I Average 
length of 
lesions 


M.\c(’huni from an agar cullme 
Small chip of moculaied wood 
Small inoculated twig 


I Ptrctnl ^\Im. 

. II _ 

(1 - -. 

m 1.5 C 


Tiider the conditions of this experiment, inoculations with agar- 
culture inoculum and with a small chip of inoculated wood were not 
successful; ajipareiitly the fungus died before infection took place. A 
fair percentage of infection resulted when the inoculum was a fairly 
large piece of infected twig. 

EFFECT OF WOUNDING 

Fit'ld observations indi(*ate that Xylaria inali readily attacks 
appanuitly uninjur(*d roots, and therefore wounding seems to be 
unnecM'ssaiy for natural infection. To detiuinine the influence of 
wounding on dug trees, inoculations were made on Fidiruary 2, 1034 
on l-v(‘ar-old ajiple secdlinp stored in moist jx'at in a cool room (tem¬ 
perature 15° to 20° C.j. The seedlings were divided into 2 comparable 
lots of 20 trees each. An incision (flap cut) was made in ('ach seedling 
of 1 lot and a twig culture of the fungus was fastened to it by a rubber 
band. The other lot was inoculated in the same wav but without 
wounding. Tlie results of the experiment appi'ar in table 2. 

This experiment indicates that wounding is not necessary for infec¬ 
tion of ston'd trc'cs by Xylaria malt. The fact that fewer infections 
and smalh'r lesions occurred on the wounded trees may have been 
due to th(‘ wound callus, which may be less susceptible to attack than 
normal root tissue. 


Table 2. — Effect of wounding upon infection of apple seedlings inoculated with 
Xylaria mali^ Feb. 1934 

120 tn'ps ill rach lot] 


Ui\suUs on Apr. 27,1934 


Host troatmont 


Tn‘0s 

infoctod 


Avorago 
length of 
lesion 


Percent I Afm. 
5 t) i 


Inoculum inserted in a flap-cut wound 
Inoculum applied w ithout w'oundlng 


It) 

20 
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EFFECT OF TEMPERATURE 


Two P(‘tri plates of string-bean agar inoculated with Xylaria malt 
(isolate 57) on November 23, 1937, and held at each of the indicated 
temperatures for 14 days contained mats of the average', sizes shown 
in the following tabulation; 


Temperature (° C.) 

40_ 

35., 

30_ - 
25_ - 

20 , 

15 

10 __ 

5, 

0. 


Ihameter 0 / mat after J4. days 

Mm, 

. 0 

, 0 
05 
75 
_ 55 
. 17.6 
. 9.3 

0 
0 


The results indicate that, although this isolate will grow in culture at 
a temperature as low as 10° C., its optimum is near 25°. 

In order to learn the effect of temperature on root infection, the 
roots of yearling apple seedlings w'cre inoculateel at two places each 
with isolate 57 by attaching pieces of twig inoculum without wound¬ 
ing. The seedlings were then wrapped in moist paper, and 12 were 
put in each of two 8-liter jai's. One jar was placed in a controlled- 
temperature room held at 15.5° C’., and the other was held in tlu' 
laboratory at about 21°. This experiment, run in 1934, was rt'peated 
in 1935, and a third lot of seedlings was held at outside' temperatures 
(—3° to 18° (\). The rc'sults of these' e'xperime'nts are reporte'el in 
table 3. 


Table 3 — Effect of tern per at me on nifeciioo of yearling apple .seedltngti by 

Xylana mah 

112 mmhIIidks ill PHch lot] 


Tem[)cralijn' (' ) 


-3 to IS (out.'^idc) 

(fontrolU'd) 

21 (room) . . . 

The data show that Xylaria malt will greew on culture meelia at a 
tem{)erature as low as 10° C. and that it wdll infect stored ajjple 
seedlings at a temperature as low as 15.5°, whie-h is much lower than 
that of the toj) layers of soil during much of the summer where this 
disease is prevalent. In 1935 the seedlings were in poor condition at 
the conclusion of the experiment, but they were still alive. Attention 
should be called to the fact, however, that conditions affecting re¬ 
sistance in trees that have been dug and stored may be different from 
those in undisturbed trees. 


Rfsult.s of Mar 17, 
]93<1, iMociilat ions 
(afHT 2 month.s) 


KoMilts of Mur Hi. 
Hf.ir). I nof'ii lat ions 
(aftfT J >3 monlli.s) 


'lYfos in- 
ff'cted 


\ vonw I 
h*niith of . 
h* 8 i()n.s I 


'iVoLv 111 1 A\ Praia* 

Jrns in- , 

Ii*sions 


f(‘fttM| 


P*nent 


31 

84 


Mm. 


Hi 
22 ! 


Peretnt | 
0 I 
83 , 
m I 


Mm 


11 

21 
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RELATIVE PATHOGENICITY OF DIFFERENT ISOLATES 

The relative pathogenicity of different isolates from naturally 
diseased apple roots was determined by growing them on sterilized 
apple twigs, which in turn were used to inoculate the roots of stored 
yearling apple seedlings. In 1933 the seedlir^s were divided into 
uniform lots of 10, and in 1934 into lots of 8. Each lot was wrapped 
in moist paper, packed in moist peat, and placed in a cool room with 
V, temperature range of 15° to 20° C. until the final record, as shown 
in table 4, was made. 

Tablk 4.— Relative paihogemrity of different isolates of Xylaria malt on yearling 

apple seedlings 

(Id smlhngs inoculated witli each isolate on Xov 3(1, 1933, and 8 with each on .‘Vpr. (i, 1934. Final record 
made on .Ian Id and May IH, 1934. respectively] 


Y<‘ar of 


j 

1 ; 

I Year of j 

1 



inocu- I 


I'recs m- 
1 feet 0(1 

Average i 

! ImK'U- 1 

1 

Trees in¬ 
fected 

Average 

lation ’ 

Source of tnciCuluio 

Icniilh of 

. lation { 

Source of inoculum 

length of 

ami ISO-' 


lesion 1 

ami iso-' 


lesion 

lute No , 


! _ _ 


, late N'(» 




1 


1 Ptrcnii 

i Mm 

; 


Percent 

! Mm 

3 ' 

Markham, Va 

(Mi 

22 1 

' 127 ; 

Front Royal, Va 

KM) 

! 14 

2S 

Hillsboro, Va 

1 ;«i 

1 19 7 

142 . ! 

Leesburg, Va 

100 

1 14 

30 

Winchester, Vn 

i “ 


149 

do 

87 5 

! 18 

50 

Limlen, Va 

> 0 


1.52 

do 

1 87 5 

! 14 7 

57 

Hluemont, Va 

; KM) 

! 12 5 

' 1.5h 

do 

75 

: 11 7 

58 

do 

1 .50 

2(» 4 ■ 

101 ; 

do 

87 5 

9 7 

59 

(io 

I "d 

39. 1 

m 

<io 

KM) 

1 14 2 

01 

Purct'llville. Va 

, 30 

; 19 3 

108 

do 

87 >5 

i 13 3 


L<H*sburp, Va 

! :9) 

. 27 ,1 

’ 172 

do 

KM) 

i 13.9 




182 

do 

50 

) 7f 7 

I 


i 

i 

197 

lio 

0 


29 

('harles Tovmi, W Va 

! h 

1 

198 

do 

KM) 

! 2().2 

103 1 

Bluemont, Va 

• 0 ' 

[ 

199 

do 

75 

! 17 

117 

Winchester. Va 

.50 

H 5 

‘200 

do 

100 

1 18 6 

120 1 

Martinsburp, Va 

.i7 5 

0 0 






Tat)le 4 shows great variation in the pathogenicity of 27 isolates 
from 10 different mealities in Virginia and West Virginia. Infection 
ranged from 0 to 100 percent, and average length of lesion from O.O 
to 42.5 mm. The pathogenicity of the fungus on stored trees might 
he different from that on treses growing in the field. This experiment, 
however, suggests that some of the irregular distribution and severity 
of the disease may be associated with variation in pathogenicity of 
strains of the organism as well as with edaphic conditions. Fromme 
also found differences in the pathogenicity of isolates. 

(COMPARATIVE SUSC'EPTIBILITY OF APPLE. PEAK, PLUM, (’HEKRY, AND PEACH TREES 

During the greater part of 1933 and 1934 monthly inoculations 
were made on 3- to 5-year-old seedling trees of apple, pear, plum, 
cherry, and peach. In the tests made in June and Julv, the period 
of greatest susceptibility, at least 20 trees of each species were used 
at each inoculation period, but at some of the other periods oidy 5 to 
10 trees were inoculated. During a period of high susceptibility 40 
to SO percent of the apple trees and 5 to 10 percent of the pear trees 
became infected. IVlany of the lesions on the apple trees were typical 
deep lesions, but on the pear trees tliey were shallow and soon healed 
over. 


Italic munbers in parentheses ref(*r to Literature CUed. p. 311. 
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On young mazzard and mahaleb cherry seedling trees infection 
would sometimes advance as much as 10 to 20 mm,, and by the next 
year the lesions would have healed over. Fromme {2) reported infec¬ 
tion from inoculation on apple, pear, cherry, elm {Ulmus americana), 
honeylocust (Gleditsia iriancanthos)^ and florway maple {Acer jdata- 
noides), Schneiderhan (5), in a popular report, stated that oak, 
maple, hackberry, grape, sassafras, and ash were infected by inocu¬ 
lation. Neither of these workers, however, stated whether the lesions 
continued to enlarge or whether they soon healed over. However, 
Sclmeiderhan did state in recent correspondence: 

* * * On the Diitrow orchard near Charles Town, W. Va., Fromme and I 

found several cherry trees that were dead from Sylaria mali after having been 
planted where an apple tree liad been previously killed by the fungus. I strongly 
suspect that pear trees arc also susceptible. 

Several hundred inoculations on peach and myrobalan plum seedling 
trees all gave negative results. Tn many field examinations the writer 
has never found Xylaria attacking the roots of cherry, peach, or plum 
trees growing near or interplanted with diseased apple trees. In one 
instance in the Shenandoah Valley of Virginia, peach trees were 
planted where apple trees known to be infected with Xylaria had 
been removed, and after 4 years no evidence of black root rot was 
found on them. 

On the other hand, J. O. Andes, of the Tennessee Agiicullural 
Experiment Station, mentioned, in conversation witli the writer, that 
Xylaria fiad effectively attacked a peach tree gi*owing where an apple 
tree infect(‘d with Xylaria had been removed. The experiments 
herein reported and the field observations of tlu‘ writ('r seem to b(»ar 
out the belief that peach, plum, cherry, and possibly ])t»ar trees are 
sufficiently resistant to be grown successfully on land from which a 
diseased apple orchard lias been removed. 

SUSCEPTIBILITY OF SEEDLING CLONES AND OF SEEDLING AND OWN-ROOTED APPLE 

VARIETIES 

Experimental plots of trees growing at the Unit(»d States Horti¬ 
cultural Station, Beltsville, Md., used for testing possible differenc(*s 
in root susceptibility to infection with Xylaria wen* of three types. 
Part wrere own-rooted apple varieties, part w^ere clonal lines of se(‘d- 
lings that had shown merit for understock use, and part w"<'re seed¬ 
lings of standard varieties. The own-rooted varietic's liad b(*(»ii 
started with nurse roots and liad grown for tw^o seasons; the clones 
of seedling origin had grown for two seasons from root cuttings; and 
the variety seedlings were 1 year old when obtained for this experi¬ 
ment. The trees were set 2 feet apart in nursery rows 5 feet apart. 
The plots of own-rooted varieties contained from 9 to 20 trees each. 
The variety seedling and clone plots contained from 10 to 20 tn*es, 
usually 20. 

The trees were allowed to grow undisturbed till midsummer of the 
second year, at which time they were inoculated with twig cultures 
of Xylaria isolate 57 applied to the main root without deep wound¬ 
ing. Only one inoculation was made on each tree in a single year. 
The results of inoculation were recorded at the end of the growing 
season, or after October 15. The lesions that developed usually 
healed over during the following season. By inoculating opposite 
sides of the roots in successive years, repeated inoculations have been 
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made. The own-rooted seedling varieties were inoculated for 4 
different years and the others for 3 years. 

The results of this work are reported in tables 5 to 7, wherein lesions 
are divided into two main groups—shallow infections of the cortex 
only and deep infections, which penetrate into the cambium. Cortical 
infections are the result of host-parasite reactions of such a nature 
that the fungus attack is checked before the cambium is killed, and 
these shallow lesions heal much more rapidly than deeper lesions. 
A high ratio of cortical to deep infections may be an important 
indication of host resistance. 

The sizes of the deep lesions, as given in the last colunui of tables 
5 to 7, were obtained in the following mamier: For each lesion, the 
length was multiplied by the breadth to determine the approximate 
area. The square root of the resultant area was then derived, giving 


Table 5. —Infection and size of deep lesions on young own-rooted apple trees inocu¬ 
lated with Xylaria mali 

[Varietal means from approximately 3t} to 80 readings on 9 to 20 treos of each variety; each tree was inoc‘uinted 

in \m, 1937. 1938. and 1939] 

EXPERIMENTAL DATA 


Mean of varieties 


Variety 

j 




j 'I'otal 

(^ortical in- 

Deep 

Size of 


j infection 

feet ion only 

infection ‘ 

dt*ep lesions 


Pt Tcent 

Percent 

Percent 

Mm, 

Arkansas fBlack Tw ig). .. 

... i 90.0 

50.0 

40 0 

26. 

Ben Davis. 

.. . . . I 7.5.0 

25.0 

60.0 

21.9 

Delicious. 

> 91.3 

32.4 

58.9 

32.7 

Fallawater. . 

88.9 

36.1 

52.8 

21.0 

Golden DelicicAis.. 

' 64.3 

42.8 

21.5 

15.6 

King David. 

. . . ; 72.4 

43 3 

39 1 

23.1 

McIntosh 

! 78 2 . 

35.2 

43.0 

20.2 

Northern Spy . . 

65 2 

23 0 

42.2 

10 2 

Opalescent. 

60 8 

20.6 

31.2 

28 7 

Perkins . . ..... 

75 0 

41 1 

33.9 

18.9 

Red Astrachnn... 

. . ' 70 8 ' 

43.5 

27.3 1 

14.6 

Rome Beauty. ..... 

._ 50 0 

20.8 

29.2 

13.3 

Smith Cider .. 

; 63. n 

28.2 

35.3 

22.7 

Stayinan Winesap ... 

! 91.0 

17 5 

72.5 

34.8 

Summer Ram bo . 

. - .j 89.6 ) 

22 9 

66.7 

27 8 

Tolman Sweet. ... 

- _ 76.1! 

21 7 

! 54.4 

27.9 

Wealthy _ _ 

... -f 86.7' 

23 4 

1 63 3 

24,4 

Yellow Transparent 

York Irnfierial . 

1 68.0 

31.3 

36.7 

20.9 

. . ' 78.6 1 

54.3 

24.3 

1 16.1 

All varieties a 




1 

1930. . 

-i 47 7; 

j 

22.9 

11.1 

1937 .... 

.J 76 1 


25.7 

16.8 

I9;i8 . . 

..i 82 3 

... ... ., 

70.0 

27.0 

19.39... 

. ' 95 7 

j 1 

1 

54.5 ! 

24.0 


ANALYSIS OF VARIANCE 


Mean square * 


Source of variation 


liCKToes of 
freedom 


Total 

T)(*ep 

Size of 

infection 

infection 

de<*p lesion 


Variety. 

Years . . _ 
Variety X years 


18 560.63 

3 7,735.23** 

54 401.24 


883.15* 

9,871.04** 

430.84 


197.04 
1.082.01 
510.15 


> Twice the standard error of the dilTerence for deep infection is 29.4. A difference between any 2 values, 
therefore, that amounts to as much as 20.4 considered statistically significant (19:1). 

3 In yearly means twice the standard error of the difference for percent total infection is 13.0. for (lercent deep 
infection It Is 13.5. and for sise of deep lesion it is 14.8. Differences greater than these values, therefore, are 
considered statistically significant (19:1). 

3 *a»Higniflcant (19:1); ♦*«• highly significant (99 1), 
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a linear value equal to one side of a square having an area propor¬ 
tionate to that of the lesion. The values recorded in the table are 
averages of such linear functions for all lesions in each designated 

f dot. Smce the lesions were irregular in outline and the ratio of sur- 
ace killing to cambium killing might not be the same, it was difficult 
to obtain a high degree of accuracy in such measurements. The 
sizes of deep lesions, therefore, as given in the tables, represent 
approximate rather than absolute values. 


Table 6 . —Infection and size of deep lesions on young apple seedling clones inocu¬ 
lated with Xylaria mali 


[Clone means from approximately 30 to 60 readings on 10 to 20 trees of each variety; each tree was 

inoculated in 1936. 1037. and 1938] 


EXPERIMENTAL DATA 


M(‘an of clones 


Seedling clone No 



.. ^ 

- - 

— 



Total 

Cortical 

Deep 

Si74* of deep 



infection 

infection only 

infei'tion > 

lesions 



Percent 

Percent 

Percent 

Sfm 

227 2 , .. 


43 5 

4.2 

39.3 

2< 1 

309 __ 


76 9 

7 7 

69.2 

29 3 

316 .. ... 


59.4 

29 7 

29 7 

20 1 

317_ 


50 8 

36 5 

14 3 

37 4 

323 2.. - 


87 5 

19 1 

68 5 

50.8 

321). . 


61.1 

36 1 

25.0 

28.8 

1223 . .. 


48.7 

20 5 

28 2 

17 4 

1224 . 


77 7 

:i8.8 

38 9 

24 2 

1225 2 . . . . 


78.4 

24.8 

53.6 

31 1 

1226. 


29 2 

16 3 

12 9 

15 5 

1227. . .. 


54 5 

40 6 

13 9 

15. 2 

1232. 


50 9 

28 7 

22 2 

Zi 8 

1241. .... 


25 0 

12 5 

12 5 

27.2 

1249 ... . ... 


37.8 

17 8 

20 0 

30.3 

1261 .... 


48 9 

35 6 

13 3 

23 7 

1256 _ . 


36.4 

18 2 

18 2 

19 3 

1258 2 _ __ 


30 0 

20 0 

10 0 

12.8 

1263 _ 


28 2 

12 5 

15 7 

25. 7 

1267 . . .. 


47 6 

26 8 

20 8 

31.1 

1269 2 .. . _ 


40 9 

20 7 

18 2 

:i3.9 

1271_ . .. 


40.7 

22 2 

18 5 

20 8 

1272 .. 


26.6 

16 6 

10 0 

28.3 

1273 ... . . _ . 


45. 7 

22 4 

23 3 

21.6 

1283 _ . . 


72.9 

36 3 

3(i 6 

27 4 

1291 - . .. 


58 1 

29 3 ! 

1 20 8 

12 3 

1297_ . .. . 


62 4 

26 1 

36 3 

19 2 

1299 . _ . 


51 0 

16 5 

34 5 

24.4 

1300 .... 


52 7 

34.9 ! 

17.8 

23.9 

1302 _ 


66 9 

20.9 

45.0 

38.1 

1303 _ . _ . 


25.9 

18 5 1 

! 7 4 

21.2 

All clones. 2 






1936 . . ... 


26 90 


16 67 

9. 46 

1937. _ 


47.58 


1 25 

2.09 

1938 .. 


69 32 


51 19 

23 46 


ANALYSIS OF VARIANCE 





I^egrws of 


Mean square ♦ 


Source of variation 








Total 

Deep 

Sisc of 




infection 

infection 

lesion 

Variety. 


23 

643. 73 

301 96 

79.26 

Years_ _ 


2 

10,795.18** 

12,290 12** 

2,828. l(r* 

Variety X years.. . 

- , 

46 

668 67 

454. 55 

102 45 


» Twice the standard error of the difference for deep infection is 35.0. A difference between any 2 values, 
therefore, that amounts to as much as 35.0 is considered statistically signiflcani (19:1). 

2 Data lacking for 1 year; not included in the statistical summary. 

* In yearly means twice the standard error of the difference for percemt total infection is 14.9, for percent 
deep infection it is 12.3, and for size of lesion it is 5.8. Differenct^s greater than these values, therefore, are 
considered statistically significant (19:1). 

♦ *♦*Highly significant (99:1). 
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Table 7. —Infection and size of deep lesions on young apple seedlings inoculated with 

Xylaria mali 

[Varietal meaus from approximately 30 to 60 readings on 10 to 20 seedlings of each variety; each seedling was 

inoculated in 1036,1087, and 1038] 

EXPERIMENTAL DATA 


Variety 

Mean of varieties 

Total 

infection 

Cortical in¬ 
fection only 

Deep 
infection > 

Size of 
deep lesions 


Percent 

Percent 

Percent 

Mm. 

Ben Davis. . . 

56.4 

8.1 

48.3 

26.8 

Delicious _ . ..... 

48.1 

23.7 

24.4 

21.8 

Fameuse.. 

53.1 

14.4 

38.7 

21.4 

Jonathan.. . . .. 

58.7 

20.5 

38.2 

19.6 

McIntosh.. ! 

60 3 

21.2 

39.1 

29.6 

Northern Spy. 

47 0 

20.1 

26.9 

21.5 

Home Beauty. 

44 6 

14.4 

30 2 

20.6 

Red Rome Beauty. ...... 

59.2 

11.4 

47.8 

30.9 

Wealthy.--._ 

44.7 

20.8 

23.9 

34.2 

Commercial (mixed)... 

43 7 

6.0 

37.7 

32.7 

All varieties. * 





1936 .... ... _ 

45.03 


31.52 

26.67 

19;i7 . . . . . 1 

31.95 I 


3 73 i 

6.99 

1938 

77.27 1 

1 


71.36 

27.20 


ANALYSIS OF VAKIANTE 


Source of variation 


V’ariety... 
Years 

Variety X years 


I 

i 


1 )egrm of i 
freedom 

Mean square 3 

Total 

infection 

1 

Deep 

infection 

Size of 
deep lesion 

» i 

m.68 

236.57 

67.01 

2 

5.403.65** 

11,565 54** 

1,326.71** 

18 i 

1 

440 76 

1 

507.01 

124.97 


» Twice the standard error of the differences for deep infection is 36 8. A difference between any 2 values, 
therefore, that amounts to a.s much as 36 8 is considered statlstu^ally significant (10*1) 

2 In yearly means twice the standard error of the difference for jiercent total infection is 18 8, for jiercent 
deep infection, it is 20 I, and for si*e of lesion it is 10 0 Differences greater than these values, therefore, are 
considered statistically significant (10 1) 

Highly .sipnifleant o<ids (001) 


In gpiioral, rosislanoe was greater at the first inoculation, and in 
some cases at tin* st^cond, than at later ones. Many of the plots 
show(»d no deep infections at all from the first inoculation. An en¬ 
tirely adequate' explanation cannot now be given for this fact. Evi¬ 
dence points to the conclusion, however, that resistance to infection is 
more probably associated with host conditions favorable for infection 
than with environmental conditions unfavorable for the growth of the 
pathogi'n. The work in general indicates that young trees are more 
resistant to infection than older ones. The crowding that obtains in 
nursery plantings as they grow older probably also tends to make the 
host less resistant. Resistance has appeared to be associated with 
vigor. Howev(*r, Stayman Winesap, which showed outstanding vigor 
on its own roots, was also outstandingly susceptible, showing a high 
percentage of infections as well as large lesions. This w^as true even 
during the first year of inoculations when the suppressive effect of 
crowding was less important than it later became. 

These inoculations gave wide variation in percentage of infection 
and also in the average size of the lesions on the different clones. 
Some clones were more susceptible than others, but none was con¬ 
sistently highly resistant. This record points to the need for con- 
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tmued mtonsive testing of possible root stocks for use in areas where 
Xylaria abounds. 

The yearly means (tables 5-7) show that the percentage of deep 
infection for all plots was comparatively low in 1936 and 1937, but 
much higher in 1938. The one inoculation experiment in 1939 also 
showed a high percentage of deep infection. The differences in the 
amount of infection in tlie different years are probably duo to more 
than one concomitant factor. Earlier experiments have indicated 
that while the trees in a planting are still young and before competi¬ 
tion and crowding are appreciable, a low percentage of infection often 
results from inoculation. Other contributing factors mt^ have been 
temperature and moisture. Thermograph records in the. field near the 
experimental plot showed that in 1936 there were only 15 days and 
in 1937 there were only 12 days from July 15 to September 1, the period 
after inoculation, that had a temperature' as high as 80° F. (26.7° C.), 
in contrast to 25 days in 1938. Also the mean temperature for this 
period was only 76.8° F. (24.9° C.) in 1936 and 75.4° F. (24.1° C.) in 
1937, while in 1938 it was 79.3° F. (26.3° C.). During the same period 
there were twice as many days having a daily mean temperature of 
80° F. in 1938, the year of high infection, as in 1937, a year of low 
infection. The temperature studies reported on page 302 indicate 
that isolate 57, the strain of the fungus studied, is a high-temperature 
soil organism, the optimum in culture being about 25° C. An exam¬ 
ination of the rainfall data for Beltsville, Md., for July and August, 
1936, 1937, and 1938 gave no information that would explain the 
difTeronces in infection in the different years. 

These inoculation experiments agree in tlu' main with, the West 
Virginia experiments of Fromme and Schneiderhan (3), wh.o reported 
that— 

N(j evidence of any promising measure of resistance was exhibited by any one 
of 45 cions of Mains spp. exposed to natural infection, or V)y any one of 12 clonal 
stocks and 11 seedling stocks inoculated with Xylaria mali in pure culture. 

GROWTH AND LONGEVITY OF XYLARIA MALI IN DEAD ROOTS 

The question is often asked how loiifj the Idack root rot fungus can 
remain alive in the soil and in the roots affected. Several diffenmt 
approaches to a study of the problem of longevity in Xylaria mali 
have been made. 

In connection with other studies, at several times early in the 
summer, twenty 5-year-old apple trees were girdled just above the 
soil line by removing a zone of bark one-fourth incli wide and in 
midsummer the roots were inoculated with Xylaria mali. Where 
the roots died as a result of the girdling the lesions were smaller tb.an 
where the girdled zone was partly closed over and the roots remained 
alive. Usually there was little" enlargement of the Xylaria lesions 
after the death of the infected parts. Possibly harmful products 
from reactions in the killed host plant make conditions unfavorable 
for the growth of the fungus. 

Other experiments to determine the longevity of Xylaria were 
made by cutting roots, known to contain the viable fungus, into 
3-inch lengths. On November 17, 1933, over 100 sections from 38 
roots from different infected trees were buried at depths of 3, 6, and 
9 inches. After 4 months the viability of the fungus was determined 
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by placing the roots in moist chambers under conditions favorable 
for growth of the fungus and attempting to recover it by the usual 
isolation methods. Verv few roots yielded cultures after 4 months, 
and after a year no viable mycelium was found, Undisturbed roots 
left in the soil for a year or more after the death of the host often 
gave negative results when attempts were made to isolate the patho¬ 
gen. On the other hand, isolation of the pathogen from diseased 
roots was successful many times; in some cases the fungus was isolated 
from roots that had remained undisturbed in the soil for at least 4 
years after the death of the host. Schneiderhan (5) reported a case 
in West Virginia where Xylaria mali remained alive in a root in the 
soil for 16 years. 

These observations and experiments indicate that Xylaria often 
dies soon after the infected root dies. On the other hand, the patho¬ 
gen may sometimes remain alive in some of the infected roots for a 
number of years after tlie death of the host. 

A large number of isolation experiments as well as a study of 
infected roots in the soil and in moist chambers indicate that com¬ 
peting soil organisms may be important in killing Xylaria mali in 
apple roots. A species of Trichoderma was very frequently found 
growing on roots that had ])een killed by Xylaria, as evidencea by the 
characteristic stroma of Xylaria, Attempts to isolate' the pathogen 
from the margins of the diseased areas of such roots often resulted in 
isolating Trichoderma but not Xylaria. Microscopic examination of 
the mycelium of X. mali in contact with the mycelium of a species of 
Tri^clmlerma from apple roots in a mixed culture showed a collapse 
of the mycelium of Xylaria. The deleterious action of other soil 
organisms besides Trichoderma may be important in the killing of 
X. mail. Weindling (7) nported a lethal effect of T. Ugnorum on 
Rhizocioiiia mlani. 

The origin of Xylaria mali is still obscure as is also its relation to 
other forms of the genus Xylaria. A number of different species of 
Xylaria occur throughout the world, but most of them are sapro¬ 
phytic. Lyon (4) reported an undetermined species of Xylaria as 
causing a root rot of hibiscus in Hawaii. X. mali is not known to 
occur on either wild or cultivated plants anywhere outside of the 
('astern and central part of the Imited States. This suggests that it 
is indigenous in this region, but a wild host has not been discovered. 
The wide variation in the pathogcmicity of different isolates affords 
some evidence of transition stages from the saprophytic to the para¬ 
sitic habit. These considerations suggest the hypothesis that this 
parasitic species developed from some of the related saprophytic 
forms pres(U)t in the region where the disease occurs. 

DISCUSSION 

Black root rot is serious only in the southeastern and south-central 
parts of the United States. The regional distribution of the disease 
may be associated with soil temperature high enough to favor the 
growth of the pathogen, as indicated by temperature studies on one 
strain of the fungus. 

Local distribution, on the other hand, appears to be at least partly 
dependent on host conditions. Orchard observations have indicated 
that the condition of the tree is important. Maturity of the tree and 
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also an unthrifty condition due to such conditions as overbearing, 
starvation, or cold injury appear to predispose to infection. Black 
root rot is essentially a disease of the bearing orchard. Young 
orchards are seldom affected, although young: trees set where diseased 
ones have been removed usually become diseased. Young replants 
are subjected to two conditions that may explain their susceptibility: 
(1) There is an abundance of diseased roots from the removed tree 
to serve as inoculum; and (2) growing conditions for replants are not 
good because of competition with established trees and possibly also 
because of deficiencies of certain salts and an accumulation of toxic 
substances. Aside from the influence of the factors just mentioned, 
there are probably physiological changes that make the tree more 
susceptible after it reaches fruiting age. Overloading with fruit, 
such as often occurs when bearing is biennial, may result in a weakened 
tree. The physiological effect of overbearing has been observed 
by the writer on trees growing in the Pacific Northwest where winter 
injury of the sunscald type was much more severe on trees bearing 
an abnormally heavy load of fruit than on those that had been well 
thinned or that did not bear a crop that year. Similarly, a general 
weakened condition from overbearing might result in increased sus¬ 
ceptibility to black root rot in sections where the disease prevails. 

Although the inoculation experiments n^.ported in this paper were 
carried out on trees of prebearing ages with no anticipation of the im¬ 
portance of age of the host, a review of the experiments shows that 
infection was more readily accomplished as the tn^es became older. 
On 4- to 6-year-old trees, inoculations usually resultt^d in a fair per¬ 
centage of cases that made' measurable lesions, but these lesions 
usually healed during the subsequent season. On younger trees, 
infection was more difficult to accomplish. However, in the n»gion 
where the disease prevails, when once established on bearing trees, it 
continues to advance until the tree dies. Change in susceptibility to 
disease as the host becomes more mature has been shown in phytoph- 
thora trunk canker (!) and northwestern anthracnose (6") of api)le. 

Inoculation studies on young cherry, peach, plum, pear, and apple 
trees indicate that the apple is by far the most susceptible host. wSinall 
lesions have resulted from inoculation on cherry and pear trees, but 
they soon healed over. The results of inoculation experiments and of 
field observations indicate that the disease will probably not bt'come 
serious on cherry, peach, plum, or pear trees growing in the vicinity 
of diseased apple trees. 

Inoculation of a large number of scion and understock combinations 
with a virulent strain of the* pathogen in pure culture indicates that 
there is sufficient variation in host susceptibility to justify the hope 
that resistance to the disease may be obtained by further search for 
resistant stocks. 


SUMMARY 

Black root rolD of apple has a restricted distribution. It is not 
known to occur in any country except the United States, Here it is 
distributed from Pennsylvania to Georgia and westward to Arkansas. 
Distribution may bo partly dependent on the soil temperature^s 
being warm enough for the pathogen to thrive. Local distribution is 
apparently affected by certain conditions adverse to the host. 
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In inoculation experiments infection was not successful when the 
inoculum used was a mass of mycelium from an agar culture; it was 
successful when the inoculum was infected apple twigs. Field observa¬ 
tions and inoculations indicate that wounding is not necessary for 
infection. 

In agar cultures one isolate of Xylaria mali made fair growth at 
15° C., but its optimum was about 25°. Roots of stored apple seed¬ 
lings were infected at a temperature as low as 15.5°. 

Inoculations with 27 different isolates of Xylaria mali indicate that 
there is wide variation in pathogenicity, as shown by the percentage of 
infection and the size of lesions produced on roots of yearling apple 
seedlings. 

The relative susceptibility of the apple, pear, plum, cherry, and 
peach seedlings was deterniined by inoculation; only the apple 
showed undoubted susceptibility. Small lesions were produced on 
the pear and cheny, but these had healed over by the next year. 

Tests wen^ made for resistance to Xylaria mali in 3 or 4 successive 
years on 19 own-rooted standard apple varieties, on 30 seedling clones, 
and on seedlings of 9 named varieties of apples. Analysis of variance 
showed only slight significance for variety in own-rooted varieties; 
in the own-root(Kl seedling clones and variety seedlings there was no 
significance for variety. The year 1938 had higher temperatures than 
1936 or 1937 for the period of 49 days subsequent to inoculations. 
Statistical analysis of the infection data showed a significant correlation 
between infection and season with high temperature. 

Longevity of the fungus in infected apple roots was variable. In 
s<‘veral experiments, the living fungus could not bo found a few 
months after the death of the host. How(wer, in some natural in¬ 
fections it survived the host by several years. 
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EFFECT OF NUTRIENTS, MEDIA, AND GROWTH SUB¬ 
STANCES ON THE GROWTH OP THE CABOT VARIETY 
OP VACCINIUM CORYMBOSUM ‘ 


By Amihttp Kkambr, cooperative agent, SoU Coneervation Service, United States 
States Department of Agriculture, and A. L. SchRadkb, horticulturist, Maryland 
Agricultural Experiment StcUion 

INTRODUCTION 


In addition to its commercial importance (4) * the blueberry is an 
important source of supplemental farm income, and the upland 
species have excellent erosion-control value. Both wild and culti¬ 
vated blueberry plants often exhibit certain svmptoms which, be- 
(!au8c of the absence of a pathogen, appear to be caused, in part at 
leasf:, by some nutrient deficiency. If such symptoms could be 
definitely ascribed to the lack of single mineral nutrients, the di^- 
nosis and cure of these deficiencies in the field would be greatly 
facilitated. 

It has been generally observed that a peat medium is ve^ favorable 
for blueberry growth. Should some mineral deficiencies fail to appear, 
or appear to a lessor degree in peat medium, it might be reasonable 
to assume that the benefit derived from peat is due in part or in 
whole to the presence of these elements in available form. In such 
a complex of unknown deficiencies the role of growth substances 
must also be considered. 

To attempt to solve the problem as defined, it was decided to study 
the behavior of the blueberiT under controlled conditions of pot 
culture wherein the effects of nutrient solutions deficient in single 
elements, such as nitrogen, potassium, phosphorus, iron, sulfur, 
manganese, magnesium, boron, and calcium, could be compared with 
full-nutrient cultures. Such a procedure also permitted the super¬ 
imposing of peat on the medium, as well as certain growth substences, 
for cximparison with quartz sand. In the. selection of material for 
study, it was decided to use clonal stock of a cultivated variety to 
avoid genetic variation among the plants, although it was realized 
that the results would not necessarily apply to all blueberry species. 

Previous work of other investigators was of little aid in designing 
these experiments. Doehlert and Shive (5), using 20 nutrient com¬ 
binations calculated to contain a salt concentration equivalent to 
one-half atmosphere, found that solutions containing high levels of 
nitrogen were most favorable for blueberiy^ growth. Alexander* 

» Received for publicatiou February 21. 1941. A cooperative study by the HiUculture Division, Soii 
CoDservation Service, U. S, Department of Agriculture, and the Department of Horticulture, University 
of Maryland. Scientific contribution No. 628, Maryland Agricultural Exiwriment Station. 
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obtained the greatest dry weight when he used the No. 7 solution of 
Doehlert and Shivc to which he added boric acid, manganese chloride, 
aluminum sulfate, and iron citrate. 

The results of fertilizer experiments in the field supplied additional 
information on the nutrient requirements of blueberries. Good 
responses to liberal applications of nitrate nitrogen were obtained in 
New Jersey {2, 3) but not in Michigan, where the soil contains appre¬ 
ciable amounts of organic matter (11). Applications of super- 

te hate and complete fertilizer increased the yield of blueberries 
n New Jersey and in Michigan. 

MATERIALS AND METHODS 

On March 1, 1940, sixty 2-gallon coffee um liners (crocks) were 
filled with quartz sand, and 60 with a 3-inch depth of German peat 
above the sand. Good drainage was obtained by covering the drain 
hole with glass wool. The media were then leached for 2 weeks with 
heavy applications of tap water. 

Rooted 4-inch softwood cuttings of the Cabot blueberry (Vac- 
cinium corymbosum L.) were weighed individually and placed in the 
media three to each liner on March 15. Tap water was added for 
10 additional days until the cuttings began to leaf out, after which 
various nutrient solutions were applied by Dubuy’s method (6). 
Twelve liners, six with peat-on-sand, and six with sand only, were 
used for each nutrient solution. 

The full-nutrient solution contained the following chemically pure 
salts, based on the results of Doehlert and Shive (5) and Alexander: * 
150 parts per million of monopotassium phosphate; 600 p. p. m. of 
calcium nitrate; 150 of magnesium sulfate; 275 of ammonium sulfate; 
2.8 of boric acid; 1.8 of manganese chloride; 5 of iron citrate; and 2 
p. p. m. each, at biweekly intervals, of copper and zinc sulfate. 

The modifications of the full-nutrient solution, shown in table 1, 
were made in order to obtain the various mineral-deficient solutions. 


Table 1. — Modifications of the full-nutrient solution tised in order to obtain the 
mineraUdeficient solutions required for growtng blueberry plants 


Mineral deficiency desired 

Chemicals omitted 1 

Chemicals substituted 

Nitrogen. 

rCalcium nitrate... 

Calcium sulfate. 

Sodium sulfate. 

Monosodium phosphate. 
Potassium nitrate. 

Sodium sulfate. 

1 Magnesium chloride. 
Potassium chloride. 

\ Ammonium sulfate . 

Potassium. 

Monopotassium phosphate.. 

Calcium. 

Calcium nitrate *. .' 

Magnesium. 

Magnesium sulfate,. 

Sulfur ... 

/Magnesium sulfate. 

\Ammonlum sulfate... 

Phosphorus. 

Monopotassium phosphate 

Boron. 

Boric acid .... 

Iron. 

Iron citrate. 

Manganese. 

Manganese chloride. 




Once weekly, 2 of the sand cultures and 2 of the peat-on-sand 
cultures of each of the 10 treatments received 500 ml. of 1X10~® 
thiamin chloride (vitamin Bi) solution; similarly, 2 sand cultures and 
2 peat-on-sand cultures of each treatment received 500 ml. of 1X10~* 
thioiu'ea; distilled water was used as a check. These applications, 

* 9ee footnote 3» p. 318. 
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Leaf deficiency symptoms of the Cabot blueberry when grown in sand cultures. 
Leaf symptoms are shown in order of chronological appearance of the defi- 
ciencies. as follows: (A) nitrogen deficiency^ lower row of leaves, compared with 
full nutrient, upper row of leaves; (B) potassium deficiency; (C) sulfur defi¬ 
ciency; (D) calcium deficiency; (E) boron deficiency; (Fj magnesium defi¬ 
ciency; (G) phosphorus deficiency; (H) iron deficiency. 
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besides supplying the substances, also served to leach out any salt 
that might have accumulated during the week. Since the tap water 
contained considerable quantities of nutrients,‘ distilled water was 
used after April 1. 

Between April 29 and 30 one of the three plants in each liner was 
removed. The roots were washed free of adhering sand and peat 
particles, allowed to drain on a wire screen for several minutes, and 
weighed. After the total fresh weight had been obtained the current 
^growth was pruned off and weighed separately. All the plant parts 
were then placed in individual manila bags and dried in an oven at 
70° C. for 3 to 4 days until constant in weight. A second plant from 
each liner was removed between June 10 and Jime 14 and treated 
similarly. The full-nutrient solution was then applied to ail the 
remaining blueberry plants (one plant in each container) with the 
exception of those not receiving manganese. Nutrient-deficient solu¬ 
tions were not applied after June 14, except to the cultures lacking 
manganese. 

The data were analyzed by the use of analysis of variance, and 
adjusted for variations in onginal weight by the use of analysis of 
covariance. 

RESULTS 

GROWTH IN SAND AND IN PEAT-ON-SAND MEDIA 

With full nutrients, the blueberry plants set in sand grew rapidly 
and developed vigorous new growth and large green leaves similar to 
those of plants grown under optimum outdoor conditions (figs. 1 to 3). 
However, the plants growm in peat-on-sand were even more vigorous 
(%. 4), and this w’as true both for those that received the full-nutrient 
solution and those deprived of one element, except potassium. As 
detailed later, nutrient deficiencies of certain elements did not appear 
as early in the peat-on-sand cultures as in sand cultures, and in the 
peat-on-sand cultures without calcium and wnthout sulfur no deficiency 
symptoms occurred during the course of the experiments. The addi¬ 
tion of growth substances had no effect on these results. 

DEFICIENCY SYMPTOMS (pi. 1) 

In the following discussion of the symptoms caused by a deficiency 
of the various mineral elements, the chronological appearance of 
symptoms is given as well as detailed aspects and comparisons. When 
there were no definite differences in the time that symptoms appeared 
in the two media, no discussion of media is included. 

Symptoms of nitrogen deficiency (pi. 1, A) appeared during the 
first week of April, only 10 days after the buds began to leaf out. 
By April 30, the plants were so severely affected that small quantities 
of calcium nitrate had to be added to keep them alive. The early 
symptom of uniform yellowing of the entire leaf surface was followed 
by a reddening of the leaves, and dying. All the leaves were affected. 
The entire plants, tops and roots, were severely stunted. 

Potassium deficiency (pi. 1, B) next became evident, beii^ readily 
discernible by April 20. The sequence of symptom expression was 

«Analysis of the tap water showed the following in parts per million: Silicon dioxide, 12; iron, 0.02; 
calcium, 3.6; magnesium, 2.3; sodium, 4.4; potassium, 1.5; carbonic acid, 23; sulfate, 15; chloride, 4.8; nitrate, 
1.6. Total dissolved solids, 60. 
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complicated by the periodic ‘‘abortion'' of the terminal growing points, 
a phenomenon which seems to be characteristic of most species of 
Vaccinium in the field as well as in the greenhouse. Consequently, 



Figure L—The effect of certain mineral-nutrient deficiencies on the growth of 
the Cabot blueberry, photographed May 27, 1940: w4, C, and K, Full-nutrient 
solution; B, nitrogen omitted; B, sulfur omitted; F, phosphorus omitted. 
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the more severe symptoms of marginal scorching and development of 
necrotic spots throughout the leaves appeared first on the older leaves, 
while interveinal chlorosis, similar to what has been described as iron 








Figure 2.—The effect of certain mineral-nutrient deficiencies on the growth of 
the Cabot blueberry, photographed May 27, 1940: Ay C, and JB, Full-nutrient 
solution; By boron omitted; I), potassium omitted; F, calcium omitted. 
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chlorosis (/), appeared later on the new growth arising from axillary 
buds stimulated mto growth after the terminal growing point aborted. 



FiotiBK 4.—Influence of the medium upon the development of mineral-nutrient 
deficiency symptoms in the Cabot blueberry: A, Boron omitted, peat-on-sand; 
B, boron omitted, sand; C, sulfur omitted, peat-on-sand; D, sulfur omitted, 
sand; E, calcium omitted, peat-on-sand; F, calcium omitted, sand. 

Sulfur deficiency (pi. 1, C) was apparent only in the pure sand 
cultures. The symptoms were similar to those caused by nitrogen 
deficiency in the early stages, except that the yellowing had a more 
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bleached appearance. Whereas the plants lacking nitrogen turned 
red at a later stage, those lacking sulphur turned a faint pink. The 
older leaves retained their green coloration. 

Calcium-deficiency symptoms (pi. 1, D) also appeared in the sand 
cultures only. The leaf symptoms were similar to those induced by 
potassium deficiency on the younger growth (iron deficiency?), but 
the regions adjacent to the veins that remained green were consid¬ 
erably narrower. The veins proper remained green, in contrast to 
those of the plants lacking sulfur. In advanced stages it was difficult 
to distinguish between the leaf symptoms of calcium sulfur deficiencies. 
Both tops and roots of the calcium-deficient plants were less severely 
stunted than the sulfur-deficient plants. 

Boron-deficiency symptoms (pi. 1, E) appeared with astonishing 
abruptness. On May 8, all plants appeared to be healthy, whereas 
on the following day all those growing in sand were decidedly affected. 
Plants growing in peat showed no deficiency symptoms until June 7. 
The first evidence of boron deficiency was a bluish color of the terminal 
growing point, followed by chlorotic spotting of the young leaves 
directly below the terminal. As the deficiency continued, the young 
leaves became badly blotched and misshapen. 

The necrosis of the terminal growing points caused by boron 
deficiency apparently stimulated the axillary buds into growth, and 
the symptoms first evidenced at the terminal growing points were 
repeated at each axillary growing point. These symptoms are easily 
distinguished from the natural abortion of the terminals, since the 
latter is definitely limited to the growing point, and the young leaves 
remain entirely normal; moreover, the <liscoloration of the naturally 
occurring abortion is brown, not blue. 

Magnesium deficiency (pi. 1 , F) did not cause as severe dwarfing 
as phosphorous deficiency, but by May 15 it had ]>roduced one very 
definite symptom. The leaf margins had become uniformly chlorotic 
while the leaf area near the midrib retained its normal green color. 
At a later stage, the chlorotic area became red and necrotic, while the 
rest of the leaf remained green. The older leaves were affected. 

Phosphorous-deficiency symptoms (pi. 1, (!) were not readUy dis¬ 
cernible until June 5, when they appeared as a slight purpling of the 
leaves and stems. Dwarfing of the plants, however, was noticeable 
as early as May 5. The color of the leaves was decidedly dull, in 
contrast to the bright glossy color of healthy blueberry leaves. 

Iron deficiency (pi. 1, //), contrary to expectation, appeared as 
late as May 15, and then in the sand cultures only, as interveinal 
chlorosis of the younger leaves, very similar to, but less severe than, 
the potassium deficiency symptoms on the younger leaves. 

Manganese deficiency did not become clearly apparent during the 
experimental period, although some manganese-deficient cultures 
were continued until the end of July.^ There was some indication 
that lack of manganese resulted in a break-dow^n of the axillary 
buds. 

GROWTH SUBSTANCES 

It has often been suggested that there is some substance or sub¬ 
stances in peat that stimulate plant growth. If such is the case, 

• Tlic nutrient solutions wm made with tap water after June lA 
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then the substance is probably not thiourea, vitamin Bi, or a sub¬ 
stance of similar function and mechanism, since the addition of 
these substances had no significant effect on plant growth. Eight 
other substances, indoleproprionic acid, indoleacetic acid, Photo ^n 
Sen, indole-acetamide, alpha-naphthylacetamide, indolebutyric acid, 
alpha-naphthaleneacetic acid, and ascorbic acid, reportedly capable 
of stimulating plant ^owth, had no significant effect when applied 
in various combinations and concentrations to blueberry plants 
growing in silt loam. 


FRESH-WEIGHT DETERMINATIONS 

Inasmuch as growth substances had no significant effect on the 
plants, the six plants of each nutrient treatment for each medium 
that received these substances were included in studies of fresh and 
dry weight as affected by nutrients and media only. 

The fresh weights of the plants removed after 6 weeks’ growth are 
given in table 2. At this early stage in the peat-on-sand medium, 
only plants deficient in nitrogen, potassium, and phosphorus showed 
a significantly lower top weight, and only plants deficient in potassium 
and nitrogen showed a significantly lower root weight than the plants 
receiving the full-nutrient solution. In the sand medium, the top 
weights of the calcium- and nitrogen-deficient plants were significantly 
low, and only the nitrogen-deficient plants had a significantly lower 
root weight than the full-nutrient plants. 

At tliis time there was no significant difference in the top growth of 
the plants in the two media, but there was already a highly significant 
difference favoring the p<‘at-on-sand medium in respect to root 
growth. The sulfur-deficient plants especially made* better root 
growth in the peat-on-sand medium than in the sand alone. 

The F value of 2.61 for growth substances w'as not quite high enough 
to be s^nificant at the 5 percent level. The size of the value that 
was obtained was apparently chiefly due to an inhibition of top growth 
by the application of thiourea, and a possible improvement of the 
calcium-deficient condition in the sand medium by the addition of 
thiamin chloride. 

By June 10-14, after 12 weeks of growth, additional differences 
became apparent (fig. 5, and table 2). At this time the factor of 
media was responsible for very significant differences in both top and 
root weights, as indicated by the values of F for media in table 2. All 
but the potassium-deficient plants made better growth in peat-on-sand 
than in sand, and the significance of these differences is supported by 
the significant interaction, nutrients X media. 

Considering the plants as a whole, the various deficienci^ as they 
appeared after 12 weeks of growtli may be grouped broadly into three 
categories according to total weight of plants: (1) Those that were not 
poorer than the plants receiving the full-nutrient solution (2) those 
poorer but yet making some growth; and (3) those so severely affected 
that they could make no further growth unless the deficient element 
was supplied promptly. Of the plants growing in the peat-on-sand 

^Although the plants deflricnt in the elements listed in group 1 did not have a significantly lower weight 
than the plants receiving all the nutrients, aU but the manganese-deficient plants exhibited definite defi¬ 
ciency symptoms (cf. jp. 320). It should be noted that in the sand medium, only the anion deficiencUfs 
caused a severe reduction in growth. 
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medium, those receiving a nutrient solution deficient in manganese, 
iron, sulfur, and calcium fall in the first group; those deficient in boron 
and magnesium in the second; and those deficient in phosphorus, 
potassium, mid nitrogen in the third. In the sand inedium, the 
plants deficient in potassium and mapiesium move up into the first 
group, those deficient in sulfur and boron drop to the last group, and 
those deficient in calcium remain alone in the middle group. 


Table 2. — Fresh weight of Cabot blueberry plants (average of six plants) grown in 
peat-on-sand and in sand with fuUrnutrient solution and with deficiencies in 
certain mineral nuirientSf and removed from culture between April 29 and May 1 
and between June 10 and 14, 1940 ^ 

PLANTS REMOVED APRIL 29 TO MAY 1,1040 


Mineral deficiency 

Current lop 
growth 

Root growth 2 

1 

Total growth 

Shoot-root 
ratio > 

Peat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 


Grams ^ 

Grams 

Grams 

Grams 

Grams 

Grams 1 



None. 

2.43 

2.17 

10.69 

8.32 

13.02 

10.49 1 

0.23 

0.26 

Manganese. 

2 14 

1.96 

9.41 

7 41 i 

11.65 

8.37 

.23 

.26 

Iron. 

2.40 

2.02 

7.70 

8.W) 

10.10 

10.08 

.31 

.25 

Sulfur. 

1.92 

1.71 

12.61 

7.98 

14. .Vi 

9.69 

.15 

.21 

Calcium. 

1.96 

1.46 

10.88 

10.06 

12.84 

11. .51 ! 

.18 

.14 

Boron... 

2.27 

2.16 

9.61 

8.76 

11.88 

10.91 

.24 

.25 

Magnesium. 

1.96 

2.04 

10. 59 

8.57 

12.65 

10.61 1 

.19 

.24 

Phosphorus. 

1.67 

1.66 

8.75 

7.63 

10.42 1 

9.28 1 

.19 

.22 

Potassium. 

1 61 I 

2.26 

6.51 

7.67 

8.12 i 

9 82 1 

.25 

.:io 

Nitrogen. . 

! 

.89 

5.56 

5.59 

6.62 

6.48 1 

.19 ! 

1 ' 

.16 

Difference required for significance ’ ■ 

0.64 

2.95 





F values * for: 




1 





Nutrients.-. 

5 36** 

4.03** 





Media.. 

i 

056 

• 7 OK** 





Growth substam*cs«. 

2 01 

1 

78 





Nutrients X media... 

1.32 

1. 

(Ki 






PLANTS REMOVED JUNE 10-14 i 


None.-.-. 

Manganese.. 

Iron_1.-.. 

Sulfur.. 

(''alcium.. 

Boron..-... 

Magnesium... 

Phosphorus... 

Potassium. 

Nitrogen#... 


Difference required for significance’. 
F values * for. 

Nutrients. 

Media. 

Growth substances#. 

Nutrients X media. 


12 3;i 

8 63 

22.13 

14. ;i8 

15,07 

7.71 

18.02 

11.90 

16 .W 

6.48 

15 73 

11 82 

10 41 

3 41 

20 16 

9.24 

14. .38 

6 73 

1.5.16 

9.98 

14.09 

3. 27 

13 82 

10.16 

11.86 

6.13 

12.87 

13. (M) 

5.50 

2.86 

11.38 

10 07 

5.27 

6 82 

8 10 

11.50 

4.01 j 

1.94 

7.97 

7.01 j 

_ J 

3.64 

5.54 

12.28** 

4.73** 

87.45** 

16.64** 


15 


11 

4.31- 

2.32* 


1 

34.46 

! 

23 01 1 

0 66 

0,60 

33.09 

19.61 j 

84 j 

.65 

32. 2(i 

18.30 

1 05 1 

.55 

30 57 

12 65 

.52 

.37 

29.54 

16 71 

,95 

.67 

27.91 

13.43 

1 02 

32 

24. 72 

19.7;i 

.92 

.45 

16 88 

12.93 

.48 i 

.28 

13 37 

18 32 

<15 

.59 

11.98 

8.95 


.28 


1 All values adjusted for variations in original weight of cuttings by the use of analysis of covariance. 

’ Entire weight, minus the current top growth, included in “Root growth.” 

» Upon the suggestion of Dr. A, E. Brandt, of the Soil Conservation Service, U. S. Department of Agri¬ 
culture. the accuracy of this value was tested by analyzing separately the data of individual deficiency treat¬ 
ments against the data of the full^nutrient treatment. Of the treatments tested by this more precise method, 
no additional significant values were obtained, and the values found to be significant by the more general 
method remained significant when treated by the more precise method. 

* "^Significant beyond the l-fiercent point; *slgnificant beyond the 5-peroent fioint. 

* Values for growth substances are not criven, since they caused no sik'nificant differences when the data 
were treated by the more general and the more precise methods of analysis. 

* Calcium nitrate added in small quantities from April 30, on. 
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When top and root growth are considered separately, the results 
vary considerably (table 2). It appears that when manganese, iron, 
calcium, or boron was withheld from blueberry plants growing in the 
peat-on-sand medium, those plants actually made greater top growth 




FiniiHE 5.— Average dry weight (A) and fresh weight (B) of rooted bluelierry 
cuttings after ]2 weeks of growth in peat-on-sand and in sand, with full-nutrient 
solution and with solutions from which certain mineral nutrients were omitted. 


than plants receiving the full nutrient solution. The iron-deficient 
plants made a significantly greater top growth, while the others 
approached a significantly higher difference. Phosphorus, pota^ium, 
or nitrogen deficiency, on the other hand, resulted in a significant 
decrease in top weight. In the sand medium, the full-nutrient pkmtB 
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made the greatest top growth; top growth of the nitrogen-, phosphorus-, 
sulfur-, and boron-deficient plants was significantly low. As for root 
we^hts, the full-nutrient plants—both those grown in peat-on-sand 
and those grown in sand—showed the greatest weight, being signif¬ 
icantly higher than all but the manganese- and sulfur-deficient plants 
in peat-on-sand, but significantly higher than only the nitrogen- 
deficient plants in sand. 


Table 3. — Dry weight of Cabot blueberry plants grown in peat^on^sand and in sand 
with full-nutrient solution and with deficiencies in certain mineral nutrients^ and 
removed from culture April 29-30 and June 10-14, 1940 



Dry weight Apr. 29-30 

Dry weight June 10-14 

Dry weight ^ 

Mineral deficiency 

Current top 
growth 

Total jdanl 
growth 

Current top 
growth 

Total plant 
growth 

top growth 
June 10-14 


Peat 

on 

sand 

Sand 

I'eat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 

Peat 

on 

sand 

Sand 


Per- ! 
cent I 

Per¬ 

cent 

Per¬ 

cent 

Per¬ 

cent 

Per¬ 

cent 

Per- 

cent 

Per¬ 

cent 

Per¬ 

cent 

Grams 

Grams 

None. 

31 0 1 

34 3 

28.5 

41.7 

35. 5 

39.2 

22.5 

29.3 

4.27 

3.24 

Manganese. 

31.2 i 

3 

29.3 

45.5 

30. 2 

39.3 

24.0 

31 3 

4.50 

3. (Ki 

Iron. 

28.8 i 

.32.7 

33.2 

40.8 

30.0 

40 5 

24.7 

30.3 

4.93 

2.59 

Sulfur. 1 

31.0 

33.0 

24.0 

44.0 

33.7 

5.3.0 

20.8 

38. 5 

3.32 

1.74 

Calcium. 

30.5 

29.3 

29.5 

38.8 

29.8 

42.7 

22.8 

33.2 

4 25 

2.58 

Boron. i 

29.3 1 

32.8 

29.0 

35.8 

31.0 

48.8 

23 5 

33 5 

3.98 

1.64 

Magnesium... | 

31 8 

32.0 

27.8 

41.3 

31.7 

39 7 

25.2 

27.6 

3.70 

3.06 

Phosphorus... .. 

31 8 ! 

33 0 

26.5 

40.3 

42.8 

1 58.2 

27.3 

37.3 ' 

2 10 

1.73 

Potassium.. 

31 5 1 

32.7 

31.2 

! 42.0 

39.7 

42.0 

28.7 

31 2 1 

2 

2.34 

Nitrogen. 

34 5 1 

1 

35 8 

41.6 

45.8 

45.0 

48 8 

27.3 

42.7 1 

1.62 

1 (M 

Difference required for sig¬ 
nificance... 

2 61 1 

4 56 i 

5.’ 

rs 1 

4 ! 

>7 i 

1 04 


F values * for. 

Nutrients. 1 31** 6.03** 13 36** 5.113** 11 04^* 

Media. i IS 256. (Hi** 126.37** 148.91** 51.68** 

Growth, substances..- . ' 1.93 .9(> 2.86** .64 .22 

NutrientsXmedia. j 1.48 4.65** 4.33** 4.75** 2.46* 

* Data adjusted for variations in original weight of cuttings by use of analysis of covariance. 

2 **Signiflcant beyond the 1-percent point. ^Significant beyond the S-jKTOnt point. 

These variations in shoot and root rc^sponse arc' also t'xpressed in 
terms of shoot root ratios (tal)le 2). Thus, after 12 weeks' ji:rowth 
(June 10-14) the manganese-, iron-,caleiurn-, boron-, and magnesium- 
deficient plants growing in peat-on-sand had a mueii higher ratio 
than the full-nutrient-grown plants, wdiile the sulfur-, boron-, phos¬ 
phorus-, and nitrog(>n-deficient plants growing in sand had a markc'dly 
lower ratio than the plants receiving the full-nutri(»nt solution. 

DRY-WEIGHT DETERMINATIONS 

The percentage of dry w eight of roots, tops, or total plants w as not 
greatly influenced by the various nutrients during tin* first 0 WHudvs’ 
growth (table 3). Only the nitrogen-deficient plants in peat-on- 
sand, which were already severely affected, had a significantly higher 
percentage of dry matter than the full-nutrient treatment. 

Considering all treatments,the average dry weight of the top growth 
was about 31 percent in the peat-on-sand, and 33 percent in the sand 
medium. The entire plants averaged about 30 percent in the peat-on- 
sand medium, and 42 percent in the sand. In the peat-on-sand 
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medium the tops had a greater percentage of dry weight than the 
roots, while in the sand medium the roots nad the greater percentage 
of dry weight. 

After 12 weeks’ growth it was clearly apparent that those plants 
that had the greater fresh weight also nad the smaller percentage of 
dry weight (fig. 5). When calculated, this relationship results in 
a negative correlation of —0.71. Such a highly significant coirelation 
indicated the possibility that some of the differences in fresh weight 
gven in table 2 might be due to variations in moisture content alone. 
However, the dry-weight data showexi essentially the same relative 
differences as the fresh-weight data (cf. tables 2 and 3), except that 
the differences between the treatments were greater on a fresh-weight 
basis, and therefore more apparent. 

ABORTION OF THE TERMINAL GROWING POINTS 

The percentage of terminal growing points aborted by April 7, or 
.3 weeks after planting, was determined. A significantly greater 
percentage of growing points aborteil in the plants from which nitro¬ 
gen was withheld than in the other plants. Sixty percent of the ter¬ 
minals of the minus-nitrogen plants in peat-on-sand and 67 percent 
of those in sand abortwl, as compared with 25 to 51 percent on other 
treatments, and an average of 35 percent in peat^n-sand and 33 
percent in sand. The correlation between top weight and percent of 
terminals aborted was found to be —0. 71 for the plants growing in 
sand, —0. 47 for the plants growing in peat-on-sand, and —0. 60 for all 
plants regardless of m(>dia. All the correlations are significant. 

DISCUSSION 

NUTRIENT DEFICIENCIES 

If it may bi* said at all that one element limits growth more than 
another, then it is obvious that nitrogen is the limiting element in 
th(' normal growth of blueberry plants. Such a conclusion is sup¬ 
ported by considerable field data which serves as a basis for the rec¬ 
ommendation of fertilizers high in nitrogen {1, 3), and it is further 

supportwl by the observations of Doehlert and Slave (5) and Stene 
(13) made on plants grown in the greenhouse. 

Assuming that the sand medium approaches the physical and 
chemical condition of a poor sandy soil, the various elements in such 
a soil might be e.xpecte(l to become deficient for growth of the blue- 
beny in the following order; Nitrogen, phosphorus, sulfur, boron, 
calcium, potassium, iron, magnesium, and manganese. In like man¬ 
ner, if the peat-on-sand medium may serve as an example of a soil 
high in organic matter, the order of importance in such a soil might 
be expected to be: Nitrogen, potassium, phosphorus, magnesium, 
boron, calcium, sulfur, iron, and manganese. 

Earliness of symptom appearance is not necessarily related to the 
degree of injury or stunting of growth. Potassium-deficiency symp¬ 
toms, for exaniple, appeared sooner than any other except nitrogen 
symptoms in both midia, and yet the total plant weight in the sand 
medium after 12 weeks’ growth still compared favorably with that of 
magnesium and iron-deficient plants, which showed deficiency symp¬ 
toms much later. 
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As already mentioned, the milder symptom of potassium de¬ 
ficiency was very similar to the condition previously reported as iron 
chlorosis (i). Apparently, a lack of potassium results in making 
iron unavailabile. Hoffer {9) made use of this observation in testing 
corn for potassium deficiency, a precipitation of iron in the nodes in¬ 
dicating a low level of potassium. A further indication that the 
above symptom is brought about by the unavailability of iron was 
provided by an experiment with blueberry plants grown in the green¬ 
house during the summer and subjected to temperatures as high as 
120° F. and high light intensities. These plants showcnl mild symp¬ 
toms of potassium deficiency when grown in sand, but almost none 
when grown in peat. Plants grown in silt loam were also affected, 
but not so severely as the plants grown in sand. pH determinations 
were made with a glass electrode on material that exhibited various 
degrees of chlorosis. The pH reading of sap from normally green 
tissue was 3.3, and increased with increasing severity of the chlorosis 
to pH 4.2. 

Since Gericko (7) showed that high light intensity was detrimental 
if iron was not sufficientlv avail^le, and Ingalls and Shive {10) 
demonstrated that the acidity of plant sap decreases with increased 
light intensity, it is possible that the high light intensity of summer 
days decreases the acidity of the blueberry plant sap to su(‘h a degree 
that the iron which was available in the nutrient solution or in the 
soil solution, becomes unavailable in the plant sap. 

That the symptom is not a simple effect of the hydrogen-ion con¬ 
centration of the nutrient m<'dium is shown by the fact that those 
plants grown in soil having a pH value of 4.4, (‘onsidered optmuim for 
blueberry growth {12)^ weue also affectc'd. 

MEDIA 

All but the potassium-deficient plants made bettcT growth in the 
peat-on-sand medium than in sand alone. Possibly the absence of 
potassium in the peat caused other materials as well to be made un¬ 
available (iron?), or actually toxic. 

The generally beneficial effect of peat can be partly attributed to the 
presence in available form of sulfur, calcium, and boron, sin<*e plants 
not receiving any one of these elements grew noiTnally in peat-on-sand, 
and very poorly in sand alone. There is, however, an additional bene¬ 
fit derived from peat, as indicated by the significantly higher weights 
of the full-nutrient plants growing in peat-on-sand over those in sand. 
It may be that the peat provides the plant with a more uniform and 
cooler temperature, and a greater supply of moisture. The peat may 
also have an indirect effect on the hydrogen-ion concentration of the 
plant sap. 

SHOOT-ROOT RATIOS 

The significant effect of peat on the shoot-root ratio is not unusual, 
for similar results have been reported on other crops. Havis (S), for 
example, working with the black raspberry, found more root and less 
cane growth under cultivation than under mulch. The notable effect 
of nutrient deficiencies on the shoot-root ratio showed that upon omis¬ 
sion of manganese, iron, calcium, boron, or magnesium from the peat- 
sand medium, the tops were larger in proportion to the roots, as com¬ 
pared to full-nutrient plants. It may be that the above deficiencies 
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affect the roots more severely than the shoots. It is evident, how¬ 
ever, that boron deficiency anects the shoot tip more than any other 
plant organ. The elements were apparently not preset in too high 
concentrations, since the total weight of the full-nutrient plants was 
the highest. 

SUMMARY 

Rooted cuttings of the Cabot blueberry were grown in peat-on-sand 
and sand media, and supplied with various nutrient solutions and 
growth substances. 

In the i)eat-on-sand medium no symptoms of calcium, iron, or 
sulfur deficiency were observed during the course of the experiments, 
and symptoms of boron deficiency were late in appearing. In the 
sand medium, iron-deficiency symptoms also were late in developing. 
With these exceptions deficiency symptoms appeared after different 
lengths of time in both media in the following order: Nitrogen, po¬ 
tassium, sulfur, calcium, boron, magnesium, phosphorus, iron, and 
manganese. 

The beneficial effect of peat was partly due to the presence of cal¬ 
cium, sulfur, and boron in available form, and partly to factors that 
could not be determined, since, plants receiving the full-nutrient so¬ 
lution also made better growth, although to a leaser degree, in the 
peat-on-sand medium than in sand alone. 

The characteristic deficiency symptoms for each element were found 
to be sufficiently unlike to be easily identified, particularly those caused 
by nitrogen, potassium, boron, sulfur, magnesium, and phosphorus. 

The shoot-root ratio of plants growing in the peat-on-sand medium 
was greatly increased when manganese, iron, calcium, boron, or mag¬ 
nesium was omitted from the nutrient solution, and decreased when 
sulfur, boron, phosphorus, or nitrogen was withheld from the sand- 
grown plants. 

There was a significant negative correlation between percentage of 
fresh weight and percentage of dry weight, but the results based on 
dry weight were practically identical with those obtained with fresh 
weights, since the differences in weight were sufficiently large to be 
maintained on a dry-weight basis also. 

Lack of nitrogen significantly increased the rapidity with which 
terminal growing points aborted. There was a significant correlation 
between percentage of terminals aborted and top weight. 

Weekly applications of thiourea and vitamin Bi had no significant 
effect on the deficiency symptoms, fresh or dry weights of the plants, 
or growing-point abortion. Eight other substances applied to blue¬ 
berry plants growing in silt loam soil also had no significant effect. 
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SURVIVAL OF SHEEP NEMATODES IN PASTURES» 


By Dots A. Shorb 

Assistant zoologisty Zoological Division^ Bureau of Animal Industry, Agricultural 
Research Administration^ United States Department of Agriculture 

INTRODUCTION 

Pasture rotation is one of the most important measures recommended 
for the control of gastrointestinal parasites of sheep. Since the ac¬ 
quisition of these parasites by grazing sheep depends on the presence 
and availability of infective eggs and larvae, recommendations for 
pasture rotation must be based on a knowledge of the longevity of these 
infective agents on pastures. The available information on this sub¬ 
ject has been obtained largely from laboratory studies. Pasture ex¬ 
periments in which parasite-free sheep were used to test the survival 
periods of infective eggs and larvae under natural conditions are com¬ 
paratively few in number, so far as published records show. Conse¬ 
quently, such experiments wen* carried on in 1938 and 1939 at the 
United States Department of Agriculture, Beltsville Research Center, 
Beltsville, Md. The results of this work are reported in the present 
paper. 

REVIEW OF LITERATURE 

Ev(*r since Hansom (5)'^ demonstrated that ensheathed larvae of 
the common ruminant stomach worm, IJaemortchm covtortm, not only 
survived from December 27 to March 22, but also showed no appreci¬ 
able n'duction in the number of contained food granules, even though 
these larvae were in a frozen condition almost one-fourth of the time, 
it has been generally accepted that they are able to survive the winter 
months. This view was supported bv the work of Dikmans and An¬ 
drews (^), of (Jriffiths (3), and of Baker (/). On the other hand, 
Zavadov.sky and Vorobiova {8) reporte<l that “Trichostrongylidae 
larvae, spending winter in the open under Moscow climatical con¬ 
ditions, are practically deprived of any invasive significance towards 
sprir\g,” and Sclunid (6‘) report<*d that in Germany sufficient pasture 
infection does not last ov<*r winter to cause a massive invasion of the 
host animals. 

Until recently, however, studies of survival, during the grazing 
season, of preinfective stages of ruminant nematodes have been neg- 
lectt'd for the most part. 

Leiper ’ suggested that sheep sliould do well dimug a dry summer 
because of the destructive effect of sunlight on the early stages of 
those ovine nematodes tliat have thin-shelled eggs. In studies on the. 
eggs and larvae of Hacmonchvn coidortm and Trichoi^irongylw spp., 
Kauzal in Australia, as reported by Juliiis and coworkers {/,, p. S3), 
found tliat when pastures were left unstocked for 1 to 2 months during 

‘ Kowived for publication Mtirch 12, 1942. 

* Italic numbers in parent best's rt'for to Literature Cited, p. 336. 
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periods of continuous dry weather, the degree of infection with these 
nematodes was greatly reduced. In H. contortua, he thou^t that 
complete eradication m^t be effected in this manner. Taylor (7) 
stated that there was a rapid dying off of infective trichostrongyle 
larvae kept on grass in a box in the laboratory, as compared with larvae 
on grass placed in a box in the field. The longest period that he found 
larvae to survive in the field was 133 days. He regarded it as probable 
that the longest-lived larvae were those that remamed in the “moistest 
microclimate” on the herbage nearest the soil, and that some might 
remain actually in the soil temporarily and migrate to the herbage 
some time later. The experiments of Taylor and those of Kauzal 
showed that in England and Australia, respectively, the larvae of 
trichostrongylid nematodes did not survive long under dry summer 
conditions. 

Of the experiments mentioned, only those of Dikmans and Andrews, 
of Griffiths, and of Baker actually involved testing the survival of in¬ 
fective stages by grazing sheep on previously contaminated pastures. 

MATERIALS AND METHODS 

Of the five experiments reported in this paper, the first three were 
made on summer pastures. The pasture used in experiment 1 had a 
heavy grass cover with little shade; in experiment 2, httlc grass and 
little shade; and in experiment 3, abundant grass and rather dense 
shade. Experiment 4 was made in the late fall and winter on the 
pasture used in experiment 1; experiment 5, in the spring on the 
pasture used in experiment 3. The three pastures consisted of level, 
one-fourth-acre areas that, so far as is known, had not been previously 
occupied by sheep. 

In order to contaminate these pastures, infected ewes were per¬ 
mitted to graze on them for 2 weeks and were then removed. Lambs 
free of nematodes except Strongyloides were then allowed to graze on a 
part of or the entire pasture for 2 weeks. The presence of Strongy¬ 
loides in the lambs was due to the fact that these parasites cannot be 
controlled by means used to control other nematodes. At the end of 
2 weeks the lambs were removed to concrete-floored outdoor pens, 
where they were kept for a sufficient time to permit the infective 
larvae or eggs that might have been ingested to develop into mature 
worms. 

To determine the species of nematodes in the sheep that were used 
to contaminate the pastures and also the species that had been ac¬ 
quired by the lambs while on the contaminated areas, the following 
procedure was used. In the first experiment, post mortem examina¬ 
tions were made on the sheep and lambs; in the other experiments 
examinations of the feces were made by the direct centrifugal flotation 
method. Differential egg counts were made on one pellet from each 
animal for each examination. In the lambs, the fecal examination 
was supplemented by culturing 50 gm. of feces from each animal and 
examining these cultures for the presence of larvae. The use of the 
fecal eramination in all experiments after the first was due to the 
perfecting of methods of differentiating eggs of nematodes in sheep, 
thus making it unnecessary to destroy the animal in order to deter¬ 
mine what nematodes were present. 
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Fecal examinations were made before the animals were placed on 
the pasture, while they were on it, and just after they had been 
removed, to be sure that they had no nematodes other than Strongy^ 
hides. None of the lambs were found to be infected. If no eggs 
were found in fecal examinations of lambs after they had been kept 
in the pens for the allotted time, cultures were made as a more exact 
diagnostic method of determining presence or absence of infection. 
If infective larvae were present on the pasture, the period of 2 weeks 
during which the lambs remained there was adequate to permit 
infection but too short to permit such larvae to grow into adult worms. 
Further infection of the pasture by the lambs was thus avoided. 

WEATHER DURING THE EXPERIMENTS 

The survival of infective larvae, as well as the development of pre- 
infective larvae, of sheep nematodes depends to a large extent on the 
weather. For this reason, table 1, which shows the weather conditions 
that prevailed during the experiments, is included. These data 
were collected by the United States Weather Bureau in Washington, 
D. C., about 20 miles from the location of the experimental pastures. 
The temperatures at Washington are usually 1 ° to 6® F. warmer than 
those at the experiment station. Humidity and rainfall differ only 
slightly and total sunshine is about the same in the two localities. 


Table 1, —Summary of weather data collected at Washington, /). C. (about 20 miles 
from the experimental pastures) during the itme of the experiments 




! 

! Temperature 

Precipitation 

Aver¬ 
age sun- 

Average relative 
humidity at— 


M onth 

Mean 

Maxi¬ 

mum 

Mini¬ 

mum 

Total 

Days 

shine 

7:30 
a. m. 

12 m. 



1 1 

® F, 

O p 

Inches 

Number 

Percent 

Percent 

Percent 

J une. 


1 72.8 ! 

95 

45 

2.26 1 

22 

59 

77 

51 

July. 


i 69.1 

96 

60 

5.06 

20 

66 

811 

57 

August_ 


! 78.6 

96 

60 

4.64 

10 

75 

78 

54 

September. . 


67,4 

90 

48 

4.27 

16 

39 

82 

63 

October. 


1 58.8 

88 

38 

1.15 

7 

73 

82 

52 

November... 


49.8 

i 79 

14 

3.60 

13 

i 64 

82 

57 

December... 

19SS 

38.4 

59 

20 

2.69 

15 

41 

72 

J 58 

Jaimary... . 


37.8 

63 

17 

3.41 

i 17 

43 

! 72 

1 55 

February ... 

. 

1 42.3 

74 

17 

5.71 

i 15 

43 

71 

1 52 

March. 


1 46 4 

85 

26 

2.89 

17 

50 

68 

49 

April. 

May. 


1 53.4 

90 

31 

3.78 

20 

47 

68 

50 


68.0 

1 95 

40 

.41 

9 

69 

70 

44 

June.. 


75.4 

96 

59 

4.55 

17 

66 

75 

59 

July. 


76.2 

93 

58 

2.01 

20 

55 

78 

57 

August.. - 


78.8 

96 

64 

3.22 

14 

56 

78 

51 

September. 


71.0 

100 

51 

6.90 

11 

56 

85 

53 

October... 


58.4 

92 

35 

4.06 

14 

56 

81 

54 

November... 

. 

46.0 


30 

1,40 

1 

11 

61 

69 

41 


SURVIVAL OF NEMATODES ON VARIOUS TYPES OF 
SUMMER PASTURES 

EXPERIMENT 1 (HEAVY GRASS COVER WITH LITTLE SHADE) 

The first pastiire, whidi had a rather heavy grass cover but little 
shade, was grazed from June 20 to July 5, 1938, by six heavily para¬ 
sitized ewes. After this period of grazing the ewes were killed and 
jammed. The species ot nematodes and the number of each 'foimd 
in the ewes are given in table 2, 
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Table 2. —Species and number of nefnatodes found, on post mortem^ in 6* ewes 
grazed from June 20 to July 5, 1938^ on a pasture with a rather heavy cover of 
grass hut little shade ^ 


Nematode i 


Buno$tomum trigonocephalum - 
Capillaria brevipes _ . 
Chabertiamna. . 

Oooperia curticei - - - 

Cooperia mix^ophora ... _ 

Jlaemonchus contortm ... .. 

Nematodirus filicolhs ... 

Nematodirua spathiger ... 
Oeaophagoatomum coiumbianum 

Oatertagia circumrincta . 

Oatertagia trifurcata. 


Trichoatrongylua axei. 
Trichoatrongylua cotubriformia 
Trichoatrongylua vitrinua 
Trichuria otna . 


Number 

70 

0 

3 

832 

0 

4,100 
104 
0 
75 
300 
150 
0 

1,350 

0 

312 

0 


Nematodes in cw’c No.— 


Total 

nema¬ 

todes 

2 

3 

4 

5 

6 

Number 

Number 

Number 

Number 

Number 

Number 

7 

0 

2 

2 

0 

81 

0 

1 

0 

0 

0 

1 

0 

U 

4 

3 

4 

14 

2,739 

3ft() 

6,585 

030 

1,090 

11,230 

913 

0 

0 

030 

0 

1,543 

2,418 

7,300 

10,000 

1,846 

20,182 

51,845 

0 

435 

0 

210 

218 

907 

5,478 

706 

1,100 

420 

872 

8,035 

5 

4 

5 

7 

17 

113 

124 

1,158 

0,400 

345 

350 

8,083 

0 

0 

0 

no 

0 

200 

2,739 

3ft0 

5,585 

105 

703 

; 9,552 

31 

0 

800 

790 

1,240 

1 4,217 

4,5fi5 

425 

4,408 

1,050 

1,090 

11,598 

3,652 

2,550 

1 

7,819 

5,070 

872 

20,875 

1 

0 

0 

2 

4 


1 In addition to the nematodes, the following numbers of the taiieworm Moniezia erpanaa were found : Five 
in ewe 2, seven in ewe 5, and four in ew'e fl. 

2 A few specimens of Dtctyocaulua plaria were found in i‘wes 2, 3, 4, and 5, and many wen* found in ewes 1 
and ft. Because of the location of these parasites, counting was impracticable. 

Table 3. —Nematodes recovered, on post mortem, from lambs after 2 weeks of grazing 
on pasture previously contaminated by feres of ewes included in table 2 


Nematode * 


Burmatomum trigonocepha/urn 
Captl/aria brevipea . ... 

Chatwrtia ovina _ 

Cooperia curticei . . . _ 

Cooperia oncophora. ... 

THctyocaulua filaria _ 

Haemonchua emtortua . . ... 
Nematodirus filicoUia .. , 

Nematodirva apathiger . . . 

Oeaopha^oatomum columbianum . .. 

Oatertagia cireumcincta . 

Oatertagia trifurcata .. 

Strongyloidea papilloaua... .. 

Trichoatrongylua axei . 

Trichoatrongylua colubriformia 
Trichoatrongylua vitrinua . 

Trichuria ovia .. ..... 


Nematodes in lamb No.— 


— 

. - 



188 2 

189* 

144 » 

150 3 

Number 

Nu rnber 

Number 

A"w mber 

0 

0 

0 

0 

0 

0 

0 

0 

0 

<1 

0 

0 

J24 

lot 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0,814 

4,048 

0 

0 

62 1 

82 j 

0 

0 

248 

738 1 

i 0 

0 

1 

0 1 

1 0 

0 

! 0 

108 

0 

0 

0 

0 

0 

0 

1 589 

205 

0 

0 

! 60 

209 

0 

0 

' 527 

1,025 

0 

0 

! 372 

984 

0 

0 

0 

1 

3 

1 

1 


‘ In addition to the nematodes, tivo specimens of the tapewonn Moniezia erpanaa were found in lamb 188, 
one specimen in lamb 189, and three in each of lambs 144 and 15fi. 

» Placed on part of pasture 3 weeks after infected ewes w'ere removed. 

^ Placed on second part of pasture 3ti& months after infected ewes were removed. 


Three weeks after the ewes had been removed, two 5-month-old 
lambs (Nos. 188 and 189) were placed on a one-seventh part of the 
pasture and allowed to graze for 2 weeks. Lamb 188 was found dead 
on the twenty-sixth day after it had been removed to the pen, and 4 
days later lamb 189 was killed. Of the 17 species of nematodes origi¬ 
nally present in the ewes, 11 were found in the lambs (table 3). The 
first lamb undoubtedly died of parasitism, but since death occurred 
on a holiday and the matter was not brought to the writer’s attention 
when the dead animal was found, the post mortem examination was 
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not made until the next day. In the meantime some of the worms 
had probably disintegrated, since a large number of fragments of 
Haemonchus contortus were found. Even before death there must have 
been a loss of H. contortus, because many of these stomach worms were 
found in the small and large intestines. 

On October 17, 1938 (about 3K months after the ewes had been 
removed), two 7-month-old lambs (Nos. 144 and 156) were put on 
another one-seventh part of the pasture and removed to a pen on 
October 31. These lambs were killed 2 weeks later to prevent a 
possible loss of worms, suspected as having occurred in the previous 
test. The results, as shown in table 3, indicated that the preparasitic 
stages of the nematodes previously present on this pasture, except 
those of Trichuris ovis, had disappeared during the 3)^month period. 
This occurrence was so unexpected in the light of findings of previous 
investigators that the experiment, with certain modifications, was 
repeated iii experiments 2 and 3. 

EXPERIMENT 2 (PASTURE HAVING LITTLE GRASS AND UTTLE SHADE) 

Twelve heavily infested ewes were allowed to remain, from May 15 
to May 29, 1939, on a pasture with a sparse stand of grass and little 
sliade. 

Lambs 316 and 323, each 4 months old, were allowed to graze from 
June 13 to July 1, 1939, on a one-seventh part of this pasture. They 
became heavily infested with several kinds of nematodes, as shown in 
table 4. 

Tablk 4. — Nematode eggs found in feces of lambs after 2 weeks of grazing on previously 
i'oniaminated pasture having little grass and little shade * 


NeniatoUt* 


liunostoinum trigonoetphatu m 
i ooperia spp . 

Jlaemmchua contortus . 
Nematodirus spp . . 

Onophagostomum spp . . 

Ostertagla spp.., 

Trichoatrongplua spp ... 
lYich uria otia 


I Nematode eggs in ieces of lamb No.— 


31« * 

323* 

j 315 3 

! 

; 324 * 

Xumbrr | 

Number '' 

! Number 

i Number 


3 

1 0 , 

0 

12 1 

143 

(1 1 

0 

1.525 1 

932 

0 

0 

u 1 

0 

0 

0 

^ i 

1 

0 

0 

3 

3 

0 

() 

22 

84 

0 

U 


0 

0 

1 


» Infection with the taiieworm Moniezia cJtpanaa was also found in lamb 315. 

» Placed on part of |iastiir(> 2 wcoks after infwjtwl ewes were removed. 

3 Plactnl on second i>art of twisture about months after infeetetl ewes were removed 
* [Maced on third part of iiasture about 4^2 months after infected ewes wore remo^eti. 


Ltunb 315, 5 months old, was allowed to graze on a similar part of 
tliis pasture from August 19 to September 2. No nematode eggs were 
found on subsequent fecal examinations. Lamb 324, 8 months old, 
was allowed to gi-aze on a tliird part of the pasture from October 16 
to October 30. No nematode eggs otlu'r than those of Trichuris ovis 
were found on subsequent fecal examinations. 

In general tlie results of experiment 2 agi’ee with those of experiment 
1, as regards Uie period in whidi laiwac of most species of nematodes 
disappear from the pasture. In this test tlie period was less than 2% 
months. 
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EXPERIMENT 3 (SHADY PASTURE VITH ABUNDANT GRASS) 

For the third emeriment, a pasture with rather dense shade and lush 
grass was used. The 12 heavilv parasitized sheep used in experiment 2 
were placed on this plot and allowed to graze from May 29 to June 13, 
1939. 

On July 10, lambs 310 and 360, each 4 months old, were placed on 
one-sixth of this pasture and were removed on July 26. The results 
of differential egg coimts, made on August 15, are snown in table 5. 


Table 5.— Nematode eggs found in feces of lambs after S weeks of grazing previously 
contaminated pasture having dense shade and abundant grass ^ 


Neraatode 

Nematode eggs in feces of lamb No.— 

310 a 

360a i 

309* 

322* 

Bunostomum trigonocephalum.. _ . 

Cooperia spp ...- . _ 

Haemonchuacontortua ... _ 

Nematodinia spp ... .- . . 

Number 

0 

27 

341 

1 

13 

10 

26 

Number 

1 

6 

387 

1 

1 

15 

22 

Number 

0 

0 

0 

0 

0 

0 

0 

Number 

0 

0 

0 

1 0 

I 0 

0 

O€8opftaao«<omum spp.. - - _ _ 

Oatertogia spp .. .. 

TrichoatTfmgylua spp .. — — - - - 


1 Infection with the tapeworm Moniezia expanaa was also found in lamb 309. 

2 Placed on part of pasture 2 weeks after infected ewes were removed. 

^ Placed on a second part of pasture about 2 months after infected ewes were removed. 

* Placed on a third part of the pasture 4 months after infected ewea were removed. 

On August 19, lamb 309, 5 months old, was placed on a second 
one-sixth part of tliis pasture. Fecal examinations after the 2 weeks 
of grazing demonstrated no nematode eggs. Lamb 322, 8 months old, 
was allowed to graze from October 16 to October 30 on a third part 
of this pasture. No eggs were found on subsequent fecal examinations, 
and no larvae developed in cultures prepared from the feces of this 
animal. 

In the development and survival of nematode larvae, the results 
of experiment 3 support those of the two previous experiments, even 
though in the three experiments the pastures varied with respect to 
the amoimt of grass and shade. None of these experiments show the 
exact time necessary for the disappearance of mfective nematode 
larvae. Experiment 1 shows that the time necessary for the pasture 
to become free from the preparasitic stages of the nematodes originally 
present was less than 3)^ months. Experiment 2 reduces this period 
to less than 2% months, and experiment 3 shows that the time may be 
onlv 2 months, and that even the presence of an abundance of shade 
and a heavy growth of grass did not protect the early stages of the 
nematodes m question. 

SURVIVAL OF NEMATODES ON PASTURE DURING LATE FALL AND 
WINTER (EXPERIMENT 4) 

When it was foimd, on November 14, 1938, that the pasture used 
in experiment 1 was apparently free of infective stages of all sheep 
nematodes except Trichuris avis, eight heavily infested sheep were put 
on it. These sheep were naturally infected with Bunostomum, Cha- 
bertia, Cooperia, Haemonchus, Nemdtodirus, Oesophagostomum, Oater- 
iagia, and Triehoatrongylus. The animals were left on pasture from 
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November 14 to November 28. On November 29, two 7-month-old 
lambs (Nos. 193 and 200), together with four sheep heavily infested 
with the common ovine nematodes, were placed on the entire pasture. 
The four sheep were placed on the pastme at the same time as the 
lambs to increase the chance for transmission of parasites. The 
four sheep were removed after 10 days and the lambs after 14 days. 
The latter were kept for 2 weeks in a concrete-floored pen. No eggs 
^peared in the feces and no larvae were recovered from the cultures. 
'Hie lambs were then retmmed to the same pasture and kept there for 
an additional period of 2 weeks. Both fecal examinations and fecal 
cultures showed the lambs to be negative for nematode eggs and larvae. 

On March 27, 1939, two 12-month-old lambs (Nos. 161 and 199) 
were placed on ^s pasture and allowed to praze for 2 weeks. As no 
infection developed, they were returned to the pasture on May 23 and 
removed on Jime 6. The cultures of feces of the lambs then showed a 
very light infection, each lamb having three Ostertagia larvae and lamb 
199 having 6 Triehostrongylua larvae. No eggs were found w^n the 
feces were examined. This experiment indicated that no stipes of the 
common sheep nematodes developed to infectivity during the wintei 
that this study was made. However, a small number of some of the 
preinfective stages survived the winter and developed to the infective 
stage in the spring. 

SURVIVAL OF NEMATODES ON PASTURE IN THE EARLY SPRING 

(EXPERIMENT 6) 

Five ewes heavily infested with Bunoatomum, Chabertia, Cooperia, 
Ilaemonchus, MiuUeriua, Nematodirua, Oeaophagoatomum, Oatertagia, 
Strongyloidea, and Trichoatrongylua were placed, on March 8, 1939, on 
the pasture used in the third experiment. The sheep were removed on 
March 27. Two 12-month-old lambs (Nos. 190 and 196) were put on 
the entire pasture on March 27 and removed on April 10. No infec¬ 
tion developed. They were returned to this pasture on May 23 and 
left there until June 6. Lamb 190 remained uninfected, but the feces 
of lamb 196 contained a few eggs and two larvae of Nematodirua spp., 
and four larvae of Oatertagia spp. developed in cultmes made on June 
13. This experiment showed that in the region where this work was 
done, the spring of 1939 was not only too cold for the development 
of the larvae of the other genera named but that even their preparasitic 
stages were killed. 

DISCUSSION 

The experiments reported in this paper support the views of Leiper 
and Taylor that larvae of nematodes parasitic in ^eep die rapidly in 
the open, and they demonstrate that the danger of infection from these 
larvae rapidly diminishes in unused pastures during the summer and 
late spring. The question of survival of larvae durmg the winter was 
not settled. However, the fact that the larvae died rapidly in the 
spring and fall indicated that even if they did survive the winter, they 
would die soon afterwards. 

Baker’s experiments (f) are scarcely comparable with those reported 
in this paper. In his studies, uninfected lambs were placed on pasture 
infected 12 months previously and left on the test pasture for 3 months. 
Since the life cycle of most of the forms of nematodes found in his 
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experiments requires about 3 weeks for completion, there would have 
been ample time for several generations of worms to develop while the 
sheep wore on pasture. Hence Baker’s experiments give no data on 
the actual number of larvae surviving. An infection too light to be 
found by standard fecal diagnostic methods would have time to 
develop to a nJatively heavv proportion in 3 months. The infective 
stages of nematodes, namely, Nematodirus^ Ostertaqia, and Tricho- 
strongylusy that Griffiths found surviving from Octooer till May, are 
the ones that survived cold weather in the present series of experiments. 

No infomiation on the longevity of the eggs of Trichuris ovis was 
found in the literature, but this form survived for the duration of the 
tests reported in this paper. 

SUMMARY AND CONCLUSIONS 

To obtain data on the period of survival of the common nematochs 
of sheep, experiments were conducted at different periods of tin* 
year and on pastures containing various amounts of grass and shade. 
Lambs uninfected with nematodes except Stnmgyloides were used as 
test animals. They were placed on the pastures at various intervals 
after the removal of heavily infested ewes. The exj^riments wen' 
carried on in 1938 and 1939 at the United States Department of 
Agi’iculture, Beltsville Kesearch Cenb'r, Beltsville, Md. 

In the experiments on summer pastures, the first showed that the 
time necessary for the pastures to become free from preparasitic st^('s 
of the nematodes originally present w^as less than 3,^ months. Th<i 
second experinumt rc'duced this period to less tlian 2 % months. The 
third experiment showed that the time may be only 2 months, and 
that even the presence of an abundance of sluuh' and a In'avy growth 
of grass may not protect th(‘ early stages of the nematodes. 

In the winter or late fall, there was no development to infectivity 
of preparasitic stages of ovine nematodes, l)ut a small iiumlxu* of 
Osteriagia and Trichostrongybis in the egg or preinfectivi' larval stage* 
survived and developed to tin* infective stage the following spring. 

There was evidence that preinfective stages of N(matodini.s and 
Osteriagia survived the cold weathc'r of t*arly spring but did not 
become infective until late in the spring. 

Eggs of Trichuris oi^is survived on the pasture for as long as 3)^ 
months in summer. 
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COLLAR ROT RESISTANCE IN TOMATOES* 


By C. F. Andkus, patliologitt, G. B. Reynard, assiitanl geneticist, Hans 
JOROENSEN, assistant scietUific aide, and Jack Eades, agent, Division of Fruit 
and Vegetable Crops and Diseases, Bureau of Plant Industry, AgricuUural Re¬ 
search Administration, United States Department of Agriculture 

INTRODUCTION 

The disease of tomato foliage caused by AUermria solani (Ell. and 
Mart.) Jones and Grout and known as early blight occurs practically 
ever 3 rwhere in the United States of America and in most other countries 
where tomatoes are grown. A tomato crop is seldom free of early 
blight, and losses caused by it are sometimes extremely h^h. Thus 
it IS familiar to all commercial tomato growers. Since au varieties 
of tomatoes havis appeared to be susceptible to early blight, the 
prospect of breeding resistant varieties has not appeared verv nopeful. 
Control of the disease has usually been approached t^ougn changes 
in crop management and the application of fungicidal dusts and 
sprays. 

The collar rot phase of Altemaria solani infection is generally less 
familiar to tomato growers. It consists of dark sunken lesions or 
cankers girdling the stems of young plants at or near the soil level. * 
It develops on plants in the seedbeds or coldframes, during shipment 
and after transplantation to the field, and on plants seeded directly 
in the field.® * Many plants are killed, and many others break over 
at the weakened area of the stem, remam flat on the soil, and put out 
new roots above the collar lesion. These are able to survive but 
fail to develop into vigorous plants. 

The collar rot phase of AUermria, solani infection of tomatoes has 
become increasingly important along with the practice of shipping 
tomato plants from Southern to Northern States. Only a compara¬ 
tively few commercial varieties, such as Marglobe, Rutgers, Indiana 
Baltimore, John Baer, and Grothen Red Globe, are involved in this 
plant-shipping industry. Studies at the United States Regional 
Vegetable Breeding Laboratory, Charleston, S. C., show that these 
varieties so far as examined are highly susceptible to collar rot, whereas 
(HiTtain other varieties are outstandingly resistant. It appears, 
therefore, that the control of collar rot may be effectively approached 
through plant breeding. 

The purpose of this paper is to record tlie collar rot reaction of a 
large number of tomato varieties and selections and to describe the 
methods by which it has been possible to determine varietal differences 
in resistance. 

> Received for publicalkm January 30, 1042. This work was performed at the U. S. Kegioual Vege¬ 
table Breeding lAai>oratury, Charleston, S. C., chiefly under an allotment from the Special Research 
Fund authorized by Title I of the Bankhead-Jones Act of June 29, 1935. 

* Pritchard, F. J., and Porte, W.S. collar-rot or tomato. Jour. Agr. Res, 21:179-184, Ulus. 
1921. 

> Thomas, U. R. collar-rot infection on direct-seeded tomatoes. U. S. But. Plant Indus., 
Plant Dis. Kptr. 24 (1): 8-10. 1940. (Processed.) 

* Thomas, H. R., and Samson, R. W. diseases of canning tomatoes in Indiana and the relation 
to source or transplants, r, 8, Bur. Plant Indus., Plant Dis. Rptr. 22. 330-331. 1938. (Processed.) 
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MATERIALS AND METHODS 

Tomato (Lycopersicon esculentum Mill.) plants were ^oduced in 
flats in which they were allowed to grow for 4 weeks. During that 
time they were thinned to permit normal uniform powth. At the 
end of 4 weeks they were taken up, inoculated, and transplanted to 
peenhouse bench soil consisting of unused or sterilized compost. The 
Fresh compost was fairly light, well-screened, and practically free of 
damping-off organisms, so that no complications with other organisms 
were encountered. 

Inoculation consisted in dipping tlie tops, including the stems, of the 
seedlings in a water suspc'nsion of a macerated culture of Altermria. 
solani. The culture employed was the same strain as that used in 
early blight studies made prior to these on collar rot.® Roots were 
not immersed. Ten plants were dipped in the inoculum at a time. 
Plants were set immediately to a depth of about 3 inches in rows in the 
bench soil, furrows were made between rows, and water was applied 
in the furrows in such a way as not to wash any inoculum from the 
stems. Collar rot readings were made on the"7th and 14th days. 
Usually 100 percent collar rot infection developed on susceptible 
varieties within 7 days. Since the inoculated plants were not hcsld 
in damp chambers but were kept on open benches at all times, the 
foliage infection was kept at a minimum and in fact developed sc^arcely 
at all. 

The alternaria culture was grown in liter flasks of liquid medium® 
and was used when 3 to 4 weeks old. The entire culture was thoroughly 
macerated or broken into fine particles wdf h the assistance of an elec¬ 
tric homogenizer or blending apparatus.^ The macerated culture was 
diluted to about four volumes with distilled water. Enough inocu¬ 
lum was prepared so that a fresh quantity could be used for (^ach series 
of plants inoculated. 

Final collar rot evaluations were made by (1) recording the number 
of survivors, (2) pulling the survivors, washing the stems free of soil, 
and recording the degree of collar infe<!tion, and (3) calculating the 
relative tolerance to collar rot. The index of tolerance was based on 
the following assignment of values: 0, plants killed; 25, plants alive 
but broken oyer at collar lesion; 50, plants with well-developed collar 
lesions but still erect; 75, collar lesions very shallow or wuth a definite 
tendency to heal; and 100, no collar lesions. Final rating of varieties 
thus took into account not only survival and freedom from collar 
rot but also the extent of development or severity of collar rot lesions 
and the apparent ability of some varieties to recover or heal after 
infection. 

The high effectiveness of the teclmiaue was proved not only by visual 
observation but also by the high F value obtained in variance analysis 
(see table 1). 

RESULTS OF COLLAR ROT INOCULATIONS 

The varieties, accessions, and clonal selections listed in tables 1 and 
2 are arranged in descending order of resistance to collar rot. Table 

« Andrus, C F., Reynard, O. B., and Wade, B. L. relative resistance of tomato varieties, 
SELECTIONS, AND CROSSES TO DEFOLIATION BT ALTERNARIA AND STEMPHVLIUM. [C. S. Dcpt. Agf. CIr. 662.1 
* The liquid medium consisted of 10 gm. of peptone, 0.6 gtn. of monopotassium phosphate, 0,25 gm. of 
magnesium sulfate, 20 gm. of sucrose, and 1,000 oc. of distilled water. 

^ Andrus, C. F. preparation of inoculum with a mechanical liquefier. Phytopathology (Phyto¬ 
path. Note) 31: 66^667. 1941. 
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1 shows varietal ranks following variance analysis of one complete 
four-replicate experiment. Table 2 includes additional vaneties 
tested for collar rot reaction but not in the replicated experiment. 
Some of the varieties listed as resistant or tolerant showed considera¬ 
bly less than 100 percent freedom from collar rot. This is because a 
few plants of those varieties actually bore collar rot lesions, but the 
lesions were superficial and contributed little to the disability of the 
plant. Several grades of collar rot injury following inoculation are 
shown in figures 1 and 2. 

Most of the varieties listed as resistant or tolerant in table 1 are 
relatively unknown to tomato growers in this country. They are 
predominantly from continental Europe or England. Those of the 
greatest probable value for immediate adaptability are the English 
forcing varieties Ailsa Craig, Devon Surprize, and King George, and 
the Danish varieties Danish Extra Early and Danish Export—^all 
medium-sized red tomatoes that have proved to be very productive 
in South Carolina. Other varieties listed as resistant or tolerant to 
collar rot in table 1 include Norduke, of high quality and reputedly 
resistant to fusariurn wilt, at least in certain areas, and Riverside, one 
of the newer wilt-resistant varieties, which is useful principally as a 
canning tomato (figs. 1 and 2). 

Table 'Collar rot rating of 115 tomato varieties and selections based on a four- 
replicate inoculation with Alternaria solani 


Group ami il(';signatu>n 


Group 1 (resistant or Uilerant) ‘ 
Semperfructifera .. 

IM.» 118787.. 

P. 1. 117228 
Krste EmUi 
King George selection 
P. I. 11910^ 

'Parginnie Ked SehH.'tion 
lAxtons Oi>eu Air « .. 

Tomato No. 73 
P. I. 127467 .... 

King George 

Danish Extra Early si*]<*ctiou 
Devon Surprise 
Soleil Levant. 

Ailsa Craig . 

Cherry. 

P. I. 120273.. . 

Dobbies Champion * 
Lyeopentkon pimptneUt folium 
Marglobe (Fd. 

Danish Extra Early 
Targinnie Red .... 

Danish Export 

P, 1.126913. 

P. I. 118789..-. 

'Parginnic Red stdection 

Do .. 

P. 1.138628 . 

Norduke . 

Riverside. 

Cwesa. 

P. I. 134208. 

LucuUus. 

P. 1.120260. 

Essex Wonder .... 

Danish Extra Early sehvtion 
Lister Excelsior .. . ... 

Prairiana... . 


Vegetable Breed¬ 
ing Laboratory 
acix^ion No. 

Source» | 

Rat¬ 
ing * 

99 . . . - 

EuroiH* _ .. 

98 

H12-M1 .. . 

South America . . .. . 

96 

796-Ml 

1 M_ 

Asia. - . 

95 

Europt* - .. .. 

94 

! 207-Ml . 

England ... 

94 

817-Ml-_ . 

South America . . .. 

94 

tM)2~M4 

Australia . . _ 

92 

82. 

England. ... 

92 

<780.- . .. 

North Amerk* 

92 

KiaVMl 

Asia.. . - _ 

92 

207... 

England. ... 

91 

30-M2.- - 

Euroi)e . .. 

90 

35. 

England.. _ 

90 

97. 

Europe .- - ... 

90 

211.. 

England... 

90 

781.-. 

North America .... 

90 

836-Ml. 

' Asia. .1 

! 89 

45. - 

1 Scotland. i 

88 

245-2-9-1 -Ml 

1 C. S. Regional Vegetable Breeding 
' Laboratory. 

88 

30. 

i Eurofie.. . 1 

87 

6-7. 

Australia.. 

86 

31.. . i 

Kuroiie .. .. 

85 

384-M5 ! 

South America. 

85 

814-MI 1 

_do _ .... 

85 

6-02-M5 _ i 

Australia... 

82 

6-10-Ml ! 

— do .. 

82 

1027-Ml i 

Asia. 

80 

202. 

North America.. 

78 

i 973 ... ... . 

_do ..-.- 

78 

! 34 . 

South America.... 

77 

882-M2 - .. 

Asia . 

77 

80. 

Europe.... 

75 

829-Ml. 

Asia .- -. 

74 

52. 

England . 

73 

30-Ml - . 

2. 

Eurotie. 

North America .., .. 

70 

68 

214. 

-do.-. 

64 


1 llio source mentioned represents the best information available to the authors. The actual locality of 
origin of many of the named varieties is obscure. 

) Signifloant difference mean of 4-» 16.03 at S percent; 21.07 at 1 percent. Ff-41.41**. 

* P. 1. refers to accession numbers of the Division of Plant Exploration and Introduction. 

* Probably not true to type. 
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Table 1. —Collar rot rating of 116 tomato varieties and selections based on a four 
replicate inoculation with Altemaria solani —Continued 


Group and designation 


Vegetable Breed¬ 
ing Laboratory 
accession No. 


Source 


Bat¬ 

ing 


Group 2 (susceptible or segregating): 

Targinnie Bed selection. 

Lyeopmicon pimpinellifolium X 
Marglobe (Ki). 

LpcoperBicon pimpinellifolium . 

P. 1. 79632 selection. 

Lpet^ersieon pnuvianum, . 

P. I. 79632 selection.. 

Victor Emanuel.. 

Targinnie Red selection.. 

Lpcoperticon pimpinellifolium _ 

P. 1.79632 selection.. 

Gilbertiana...... 

P. I. 79632 selection... 

Lpcoperticon pimpinellifolium X 

Marglobe (F 4 ). 

Lpcopereicon peruoianum . 

Lpcopereieon pimpinellifolium X 

Marglobe (Fs). 

P. I. 79532 selection. 

Lpcopereicon pimpinellifolium X 

Marglobe (FiL 

Bay State. 

Group 3 (very susceptible): 

P. I. 79532 selection... 

Nystate. 

Lpcopereicon pimpinellifolium X 

Marglobe (FsL 

Marglobe X Lpcopereicon pimpinelli- 
folium (Fi). 

Columbia.. 

Mlngold. 

Gulf State Market -. 

Bounty... 

Marglobe selection. 

Commercial Marglobe selection. 

Adelaide Dwarf. 

Express.. , 

Early Baltimore 

Marvel.. . 

Stone.-. 

Grotben Red Globe. .. 

Early Baltimore. 

Riverside Favorite... 

Indiana Certified Marglobe.. 

Rutgers. 

Stokesdale.-. 

Marglobe X Fiaschello (F 4 ).. 


John Baer.. 

Vetomold. 

Early Shipper .. 

Master Marglobe. 

Louisiana Gulf State.. 

Fiaschello X Marglobe (F4) - 

Essar... 

GlobeUe.. 

Qlovel.-.. 

Bred-Rite Marglobe__ 

Kilgores New “X" . 

Fiaschello___ 

San Marzano.. 

Pritchard.. 

Glovel. .. 

Marglobe X Fiaschello (Fa)..., 


Do.. 


US23W(b20) selection. 

Do. 

Do... 

Pan America.. 

Marhio. 

Valiant. 

Marglobe X Lpcopereicon pimpinelU- 
folium (Fi). 

Ftam^Uo X Marglobe (F*).. 

Victor.-. 

Bssary... 


6-02-M8 . - 
244-6-3-M3. 


51(V-M3 .... 

7- <)10-2-Ml 

543. 

649_ . 

8- Ml_ 

108_ 

6- 02-83 
590-M3 

7- 013-5-M4 

70-7. 

7-04. 

244-18-3-Ml 


637. 

675-M6 


8-06-1. 

246-2-0-1-M3 


571- 


8-13-Ml. 

1036. 

244-2-7-3-Ml 

246-0-1-6-Ml 


209. 

1040 . 

222. 

1046. 

9- 01. 

10 - 02 -- 

13. 

80 .. 

201. 

217.. 

235. 

238 _ 

1041 _ 

85_ 

195-.. 

200 . 

242a_ 

254-0-2-Ml. 


888 .. 

970.. 

1038_ 

228.. 

231 __ 

255~5-3-M2 

890.. 

975.. . . - 

lail-- .. 

1033 - 

1034 . 

66 ... .. 


192. 

216.. 

254-1-6-3-Ml, 


254-6-3-Ml. 

624-Ml. 

624-M2-., . 
624-M4_ 


974. 

241. 

24e-4>-l-0-M3 

266-1-1-1-Ml. 

971. 

980. 


Australia. 

U. S. Regional Vegetable Breeding 
Laboratory. 

South America.... 

-do 

-do 


....,do. 

-do.-. 

Europe. -. 

Australia. 

South America. 

--- do. 

North America.. 

South America. 

U. S. Regional Vegetable Breeding 
Laboratory. 

South America. 

U. S. Regional Vegetable Breeding 
Laboratory. 

South America.. 

U. S. Regional Vegetable Breeding 
Laboratory. 

North America. 

South America. 

North America.. 

T'^. 8. Regional Vegetable Bre(‘ding 
Laboratory. 

—do-- -- 


North America 

—do . 

—do . 

.do. 

_do. 

— .do. 

Australis .... 
... do . — 
North America 

.do- _ 

do . 

do _ -. 

do 


Europe . 

North America 


do_ 

. - ..do -.- . 

U. 8. Regional Vegetable Breeding 
Laboratory. 

North America. 

.do. 

_do.. . 

_do. 

. .do - - - .. 

U. 8. Regional Vegetable Breeding 
Laboratory. 

North America . 

..do_ . . . . 

... do.. 

_do.- 

. . do_... 

Europe. . 

_do. - . - 

North America. 

do. 


U. S. Regional Vegetable Breoiiing 
Laboratory. 

_do. 

North America... 

do. 


....do. 

.--.do. 

_do. 

do. 

XT. 8. Regional Vegetable Breeding 
Laboratory. 

..do. 

North America. 

—do. 


59 

69 

48 

47 

45 

43 

41 

41 

37 

37 


33 

32 

32 


30 

30 

23 

19 

19 


15 

14 

13 


13 

12 

11 

9 

8 

5 


5 

5 

5 


5 


4 

4 

4 

4 

4 

4 

4 

4 

3 

3 

3 


3 


3 

3 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 


t 

1 

I 
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Table 1. —Collar rot rating of 116 tomaio varieties and selections based on a four- 
replicate inoculation with AUernaria sdani —Continued 


Vegetable Breed- 

Qroup and designation ing Laboratory Souroe 

accession No. 


Rat¬ 

ing 


Qrotxp 3 (very sii8oeptible)~<Continued. 

Ponderosa. 

Cuban Marglobe. 

Crown selected Marglobe. 

Break o* Day. 

Marvelosa. 

Cooper Special.. .... 

Montgomery. 

Earliana.-... 

McQee. 

Early Santa Clara. 


1029. 

1030. 
1032. 

197.. 

206.. 

223.. 

234.. 
239a. 
1039. 
1043. 


North America. 
—do. 

....do. 

_do. 

...do. 

_do. 

....do. 

_do. 

_do. 

—do. 

....do_ 


1 

1 

1 

0 

0 

0 

0 

0 

0 

0 


Table 2. —Collar rot ratings of 4^ tomaio varieties and crosses not included in the 

analysis of variance 


Group and designation 


Group 1 (resistant or tolerant): 

P. I. 95658 X Targinnie Red. . 

Group 2 (susceptible or segregating): 

Stonerit-M. P. .. 

El Colono. 

Heterosis. 

Trlvetts Abundance. 

Fillbasket .. 

Bonny Best... 

Group 3 (very susceptible)' 

Everbearing. 

Chinaman X Marglobe (Fi).. .. 

Magnum Bonum. 

Browns Special. 

Rod Cap. 

II Duoe*... 

Everbearing Scarlet Globe.. . 

Danmark. 

Sterling Castle.. 

Margl<H)e X Chinaman (Fj). . 

Chemin Early Red. 

Amarillo. 

Kondine Red. 

Red Rock. 

Original Pomona.. 

Indefatigable... 

Dr>>to-Date. 

Rouge Orosse Native. 

Nicholsons Dallas. 

Pearson. 

Amwell. 

Earliest of All. 

Radio. 

In MIscuglio. 

Pierrette. 

Louisiana Diiie. 

Novato. 

Cameron Canada (Nova Scotia) 

Chinaman. 

Augusta. 

Burwood Prise. 

Tuokswood. 

Marshalls Prolific. 

Market Wonder. 

Resista. 


Vegetable 

Breeding 

Laboratory 

accession 

No. 


U. S. Regional Vegetable Breeding | 
Laboratory. 


Scotland. 

South America.. 


Europe. 

North America. 

England. 

North America. 


Europe.. 

North America. 


Europe.. 

England.i 

U. S. Regional Vegetable Breeding 
Laboratory. 

Europe. 

South America. 

England. 

North America.-.. — 

Europe..^. 

.do.] 

England. I 

Europe.-. 

N(»db America.— .. 

.do.-.. 


Europe. 

North America. 

.do. 

Europe. 

.do. 


North America.. 

Europe. 

North America.. 

.do. 

Europe . 

North America.. 

Europe. 

.do. 

.do. 

.do. 


Rating 


80 


62 

46 

40 

36 

32 

30 

23 

22 

22 

21 

21 

20 

20 

19 

19 

17 

16 

16 

15 

14 

13 

13 

13 

12 

12 

11 

11 

11 

11 

10 

10 

9 

9 

8 

8 

6 

5 

5 

4 

4 

4 


‘ The actual locality of origin'of many of the named varieties is obscure. 
> Probably not true to type. 



































































































































Figure 1. ^A, Basal parts of inoculated tomato plants illustrating; various collar 
rot ratings: o, 100 (no collar lesions); 6, 75; c, 50; and d, 25. Reaction of 
three susceptible varieties: a, Marglobe; b, Rutgers; and r, Gulf State Market; 
and of three resistant or tolerant varieties: d, Targinnie Red; e, Devon Surprize; 
and/, Norduke. X 1; B, X 
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Definite evidence of segregation for collar rot resistance is shown in 
the varieties Columbia, Prairiana, Gulf State Market, and Early 
Baltimore. The fact that different clonal selections by cuttings of 



Fiotrk 2. —Collar lesions of various types caused by Alternaria aolani: A, Toler¬ 
ant-reaction type; B, well-developea lesion showing a tendency to heal; C, 
severely infected collar with new roots developing above the lesion; D, severely 
infected collar without root development. All, X 3. 

^veral varieties, such as Targinnie Red and Danish Extra Early, fall 
into separate reaction classes points to the desirability of making 
rigid selections for collar rot resistance in the segregating varieties! 
Prom the evidence available it seems probable that the varieties 

484.348- 42-3 
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Norduke, Prairiana, and Riverside, for example, could all be raised to 
the level of highly resistant varieties by clonal selection. 

Sever^ lines of Lycopersicon pimpinellifolium are listed among those 
se^egating for collar rot resistance. ’The presence of factors for 
resistance to collar rot in L. jnmpinellifolium is i>roved further by 
tomato No. 245-2-9-1-Mli which is a fifth-generation selection from 
an L. pimpinellifolivmX^aTglohe cross. Tomato No. 575-M5 is a 
sample from an F: population of a similar cross. 

DISCUSSION 

Although eai-lier studies have shown that all varieties are suscep¬ 
tible to leaf infection by AMemaria solani, significant degrees of lesser 
su^ptibility were found.* Many of the varieties listed herein as 
resistant or tolerant to collar rot were among those found to be signifi¬ 
cantly less susceptible to alternaria leaf spot. It is believed that the 
method devised for evaluating resistance to collar rot is of definite 
value in the larger problem of developing resistance to Alternaria 
solani. 

In application of the foregoing information to a solution of the 
current collar rot problem several interesting possibilities are suggested: 

(1) Substitution of the collar rot resistant or tolerant varieties 
Riverside, Norduke, or Prairiana for the highly suscoptible varieties 
now preferred might be practicable under certain conditions. 

(2) The considerable evidence that many desirable varieties are 
heterogeneous and segregating for collar rot resistance suggests that 
direct selection might quickly yield resistant strains of the desirable 

(3) A breeding program involving judicious crosses between collar 
rot resistant and the more desirable but susceptible varieties appears 
entirely practicable. Hybrids of Devon Surprize X Marglobe, Devon 
Surprize X Montgomery, and Targinnie Red XMontgomery are now 
available in the second generation. 

SUMMARY 

A method of dipping foliage of 4-week-old tomato seedlings in a 
water suspension of macerated Alternaria solani culture at the time 
of transplanting is described. The method produced 100 percent 
collar rot on the most susceptible varieties and 100 percent freedom 
from collar rot on the most resistant. 

A lai^e number of standard tomato varieties and clonal selections 
are rated according to collar rot reaction. Apparently complete 
resistande to collar rot was found in 23 varieties and acc^essions. 

Collar rot resistance is correlated with lesser degrees of susc^eptibility 
to alternaria leaf spot, and the method of determining collar rot 
resistance should facilitate the breeding for resistance to defoliation 
in tomatoes. 


* See footnote 5. 




ALKALOIDS IN CERTAIN SPECIES AND INTERSPECIFIC 
HYBRIDS OF NICOTIANA* 

By Harold H. Smith, assistant geneticist, Division of Tobacco Investigations, 
Bureau of Plant Industry, and Claude R. Smith, formerly chemist. Division of 
Insecticide Investigations, Bureau of Entomology and Plant Quarantine, Agri¬ 
cultural Research Administration, United States Department of Agriculture 

INTRODUCTION 

Although it has been known for many years that the main alkaloid 
in the cultivated species Nicotiana tabacum L. and N. rufttim L. is 
nicotine (C 10 H 14 N 2 I, comparatively little analytical chemical work has 
been done on the wild species of Nicotiana. In 1934 Shmuk {ISy 
stated that N. glauca contained an alkaloid other than nicotine that 
was not identified. The following year Smith {18) identified the 
principal alkaloid in this species as anabasine.beta-pyridyl-a'-piperi- 
dine. Concurrently, Sliinuk and Khmura (17) reported that certain 
other species of Nicotiana contained alkaloids whose picrates had 
meltii^ points different from that of nicotine, but again they were not 
identified. N. sylvestris and crosses of this species with N. tabacum 
were discussed in some detail. 

In 1937 Smith {19) iletermined the main alkaloid in Nicotiana 
sylmstris to be nomicotine (r»Hi 2 N 2 '), and at approximately the same 
time Shmuk {16) reported; 

It is known that alcaloids differiriK in chemical structure are contained in 
different sjK'Cies of Nicotiana; thu.**, ,V. tabacum, N. rustica, N. alata, N. Langs- 
dorffii all contain nicotine; N. sylvestns and N'. Rushyi (JV. tomenlosiformis Goodsp.] 
contain an alcaluid helongiiiK to the secondary l)ase.s—probably nomicotine, while 
N. glauca contains auabasine. 

Nicotine has been found also in Nicotiana attenuata {!), N. suave- 
olena {IS'i, and N. trigonophylla {10). 

The investigations cited aliove constitute most of the relevant 
work that had been published on alkaloids in wild species of Nicotiana, 
not including hybrids, at the time this paper was written. The ex¬ 
periments hereafter described were begun in 1936. The objwt of the 
work was to determine the alkaloids in a large number of representa¬ 
tive Nicotiana species and hybrids among different alkaloidal types; 
to perfect chemical methods for isolating and identifying alkaloids 
found in Nicotiana; and to consider the results obtained from the 
standpoint of developing new strains yielding laiger amounts of 
alkaloids for possible use in insecticides. 

Minute quantities of 11 or more secondary alkaloids, in addition to 
the principal one, nicotine, have been reported in the cultivated 
species Nicotiana tabacum {4) ; but of these only 8 have been confirmed 
by Spfith and Kesztler {^3). It has also been found that althoiigh 
most of the total alkaloidal content in N. sylvestris is nomicotine, 
there is a small percentage of /-nicotine {16, 19). The investigations 
reported here indicate that in many, if not all, species of Nicotiana 
the principal alkaloid is accompanied by 1 or more secondary forms, 
usually present in very small amounts. 

i Received for publication February 12,1M2. 

»Italic numbers In parentheses refer to Literature Cited, p. 358. 


Journal of Agricultural Research, 
Washington, I>. C. 


( 347 ) 


Vol. 65. No. 7 
Oct. 1,1942 
Key No. 0-1266 



348 


Journal of Agricultural Research 


Vo!. 65, No. 7 


The throe pi’edominant alkaloids in Nicotianaj namely anabasine, 
nomicotine, and nicotine, are not peculiar to this genus. Anabasine 
was discovered in Anabasis aphylla L., of the Chenopodiaceae (12); 
nomicotine has been found in uuboisia hopwoodii F. MuelL, of the 
Solanaceae (6 ); and nicotine has been reported to occur in Asclepias 
syriaca L., of the Asclepiadaceae (S), although in the last-named spe¬ 
cies only a minute quantity of the alkaloid was indicated. 

CULTURAL METHODS 

All plants in those experiments were grown at the Arlington Experi¬ 
ment Farm, Arlington, Va.^ The seedlings were planted in the field, 
18 inches apart in rows 1 meter apart. Shortly before planting time, 
4-8-4 fertilizer was applied uniformly in the drill at the rate of 800 
pounds to the acre. Tlie soil was Keyport silt loam, a heavy claylike 

Many of the species were not topped and suckered as is usual in 
the culture of leaf tobacco, since their habit of grow th w as not adapted 
to this method of handling. Differences in cultural treatment are 
known to affect alkaloidal content, so that the total percentages 
reported for the 29 species are not considered to be strictly com¬ 
parable. The identity of the alkaloids and their approximate relative 
amounts may be considered as characteristic. 

All samples were air-dried and ground into a fine powrder prepara¬ 
tory to chemical analysis. The samples comprised both leaves and 
stems in all species except the larger ones; namely, Nicotiana bena^ 
videsiif N, glauca^ N. otophoray N. raimondiif N, sylvestris, N. tomentosaj 
N, tomentosiformis, and N, mgandioideSy in which only the leaves w^ere 
analyzed. 

CHEMICAL METHODS 

The determination and separation of the alkaloids were eftected by 
the following procedures. 

A 50-gm. sample was digested with water in a liter Erlenmeyer 
flask at the highest temperature of the steam bath for about 2 hours. 
The unextracted material was filtered from the solution and w^ashed 
with several portions of boiling watcT. The extractions were com¬ 
bined, evaporated to a low volume on the steam bath, made strongly 
alkaline with sodium hydroxide, and then extracted with several 
portions of ether. The ether extractions were combined, and the 
alkaloid was washed out with dilute hydrochloric acid. The w'ashed 
ether was used repc'atedly to extract more alkaloidal material from the 
alkaline extract. Repeated extractions were made because persistent 
and incompletely separated emulsions usually formed. Their for¬ 
mation was reduced to a minimum by making the extractions in 
Erlenmeyer flasks, decanting after each extraction, and avoiding 
violent shaking. Careful manipulation usually permitted complete 
extraction and the final clearing of the emulsion. 

The acid solution of the alkaloids was separated from the ether, 
made strongly alkaline, and extracted with several small portions of 

* Seeds of many of the species grown were made available through the kindness of Dr. T. H. Oood8j)ee<l, 
of the University of California. Some were obtained from Dr. R. E. Clausen, of the same institution. The 
remainder formed part of the collection maintained by the Division of Tobacco Investigations. 
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ether. The ether extractions were combined and dried for several 
hours or overnight with sticks of sodium hydroxide or preferably 
potassium hydroxide pellets. The dried' ethereal solution was evap¬ 
orated in a 50-cc. tared Erlenmeyer flask and subjected to the direct 
steam of tlie bath until all traces of alcohol and ether had been re¬ 
moved, the period of heating being no longer than necessary. The 
flask with residue was dried over sulfuric acid in a desiccator for 18 
hours and was then weighed. 

In the procedure just outlined, complete extraction by hot water 
may not be effected, but approximately 95 percent of the alkdoidal 
content is removed. Variations, such as the addition of oxalic acid 
or calcium carbonate (10 gm. to 700 cc. of water) followed by precip¬ 
itation of the soluble lime by acidification with oxalic acid, did not 
appreciably affect the values found for total alkaloids. 

In separating and identifying the alkaloids, nicotine was removed 
first by distillation through an efficient fractionating column such as 
the Widmer. The method is based on the discovery by one of the 
writers (W) that nicotine forms an azeotropic mixture with water at 
the boiling temperature when 2.5 gm. are contained in 100 cc. Neither 
anabasine nor nomicotine foi^ms a similar mixture, nor does any other 
alkaloid so far encountered in the genus Nieotiana. The procedure is 
as follows. 

The total alkaloids were washed into the distilling flask with 75 
to 100 cc. of water and distilled slowly through the column until 
only about one-fifth or less of the volume remained. Sixtv to eighty 
culaic centimeters of water was added to the mixture, whicli was then 
distilled again. The combined distillate represented all the nicotine 
together with some “nonvolatile” alkaloid and was titrated with 
standard acid to obtain the approximate amount of nicotine. The 
titrated distillate was made alkaline with standard alkali in slight 
excess of that required by the acid titration, and the distiUations 
were repeated. The titration of this distillate gave a close check on 
the amount of nicotine contained and was somewhat less than the 
first titration if some nonvolatile alkaloid had distilled over with the 
nicotine. This higldy purified second nicotine distillate was made 
appreciably acid to methyl red, evaporated to a low volume if neces¬ 
sary, and picric acid solution was added to form nicotine picrate. 

In all species containii^ 0.2 percent or more of total alkaloids, 
melting-point determinations were made with mixtures of pure 
nicotine picrate. It is safe to conclude from the many melting 
points made that any alkaloid distilled tmder the conditions outlined 
will give the characteristic needles of nicotine picrate and tlmt, when 
mixed with a known amount of nicotine picrate, the melting point 
will not be changed. Any residual nonvolatile alkaloid was precipi¬ 
tated as the picrate. which was recrystallized at least once. Tne 
picrate was recrystallized from water several times if sufficient 
material was available, and crops of crystals were formed of which the 
melting points were obtained. Tlie presence of anabasine or nor- 
nicotine was indicated by the crystalline form and melting point. 
In no single species did both of these alkaloids occur together. With 
certain Ir^brids, however, both have been found aloi^ with nicotine, 
and carenil fractionation was n^essary to confirm their identification. 
Actual results with these hybrids arc given below to show the basis 
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for the conclusions. All melting points given are corrected for stem 
exposure. 

In the Fi hybrid Nicotiana tabacum X N. glauca (38114) we might 
expect only a mixture of anabasine and nicotine, but careful fraction¬ 
ation of the picrate of the nonvolatile alkaloids into (1) most soluble, 
(2) less soluble, and (3) least soluble yielded fractions with melting 
points of 188°, 194°, and 205° to 206° C. respectively. Recrystallized 
fraction 1 melted at 188° to 190° and was unchanged when mixed 
with nornicotine picrate. When fraction 3 was rccrystallized it 
melted at 207° to 209°; this melting point remained unchanged when 
fraction 3 was mixed with racemic anabasine picrate. The specific 
rotation Hi, of the nonvolatile alkaloid in acid solution was +7.8°. 
It is probable that this optical activity is due to the presence of 
/-nornicotine, which is dextrorotatory in its salts (/-nicotine and 
/-anabasine are also dextrorotatory in their salts). Anabasine in 
N. glauca has always been found to be essentially optically inactive. 

The Fi hybrid Nicotiana iabacum X N, glauca (39115-1) contained 
a little nicotine; the picrate of the nonvolatile alkaloid melted at 
201° to 202° C., which was raised on recrystallization to 205° to 
206°; and the melting point of a mixture rax^cunic anabasint* 
picrate was 208° to 209°. Optical rotation of the nonvolatile alka¬ 
loids was [a]p—20° to 20.8°. The conclusion was drawn that this 
hybrid contained essentially r/, /-anabasine with an ex(‘ess of /-anab¬ 
asine, since no crystals resembling nornicotine picrate could be 
obtained. It is evident that a quantitative method for separating 
anabasine and nornicotine is needed before final conclusions can be 
drawn regarding the composition of the hybrids of N. glauca with 
N. tabacum or any plant containing nicotiiu' and nornicotine. 

All samples of Nicotiana glauca that the wTit(‘rs have (‘xamined 
contained principally optically inactive anabasine, the picn^ate of 
which melts at 213° C. The optical activity is occasionally very 
slightly levorotatory, which probably indicates that a small exc('ss 
of /-anabasine is present. 

The sample of Nicotiana glauca shown in table 1, as w ell as others 
not reported here, was found to contain some nicotine. No nicotine 
has been found, however, in samples of N, glauca obtained from the 
wild. It is possible, but doubtful, that the nicotine in the former may 
have been introduced from accidental absorption during the drying 
or pulverizing process. This point may be settled easily by careful 
isolation of the writers^ cultivated material. 

The nornicotine that occurs in several species, such as Nicotiana 
sylvestris and N, glutinosa, has been found to be the nearly pure 
levorotatory form. In a number of other species the partly race- 
mized form probably occurs, the picrates of which have melting points 
that vary from 186° to 192° C. When the content of nornicotine 
was less than 0.2 percent its presence w^as indicated only by the 
appearance and properties of the picrate. The picrates, ev(Ui after 
several recrystallizations, usually appear in the colloidal form, but 
on long standing form hard crystals which repeat this behavior on 
further recrystallization. 

Observations on the optical rotation of the alkaloids as found in 
the ^ters' material are admittedly incomplete, but it seems that 
nicotine occurs always in the /- form, anabasine principally in the 
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optically inactive form, and nomicotine largely in the /- form mixed 
with varying proportions of the optically inactive form. 

In the progress of this work the possible presence of new alkaloids 
has been kept in mind, but none has oeen indicia ted. The new alkaloid 
anatabin, discovered by Spath and Kesztler, is closely related to 
anabasine and was expected to occur in Nieotiana glauca or N, glauca 
hybrids, but so far no indication of its presence has been obtained. 
Since this study was necessarily confined to the principal alkaloids 
it is quite probable that very small proportions of other alkaloids 
were present but could have been detec'ted only by using much more 
material for separation. 

RESULTS 

A total of 29 wild species of Nwofiana were studied of which 4 
apparently contained only nicotine, 5 only nomicotine, 2 had mix¬ 
tures of anatiasine and nicotine, and the rest mixtures of nicotine 
and nomicotine Stable 1). Anabasine was the main alkaloid and 
nicotine the secondary one in N, debneyi and N» glanm, the only 
species in whi(*h thes(' 2 alkaloids were found together as the chief 
alkaloidal constituents. 


Tablk 1.— Alkaloidn of some wild species of Nieotiana 


.. .....i 


^ 1 

, ! 

1 ! 

Main alkaloid 





Total 

1 



SiHH'ies 

Main alkaloid 

! Secondary 
alkaloid 

alka* 

loldal 

1 

1 IVr- 1 
cent 

Per- 

wntage 

Phylogenetic 

grouping 



1 

j 

content 

1 of total 

1 alka- 







! loid 





Per- 

i 



1 



cent 




N nlnta Lk. and Otto j 

Nicotine 

None 

O.Ott i 

0.06 ! 

100 

(data. 

N. hennrtdefiU (loodsp I 

do 

; Nomicotine 

92 1 

82 1 

89 

paniculata. 

N. htgelovxi S. Wats 

do 

1 ? - 1 


16 ! 

89 

N cavanillem Dun 

Nor nicotine 

i Nicotine ‘ 

I 3:1 i 

.33 

100- 

camntUesii. 

A dffmeyi Doniln 1 

Anabasine 

, Nicotine 

' 4fi S 

.39 

8fi 

suaveoletis. 

N ettgua WlwHder 1 

Nomicotine 

i - do 

! .21) * 

.24 

92 

Do. 

N glauca Omh ! 

Anabasine 

do . . 

; .M i 

62 

97 

paniculata. 

N, gluttnom L. 

Noi nicotine 

None 

1 80 i 

1 80 

UKI 

lamenlwta 

N. gootbpcfdu WheeU‘r 

i do 

Nicotine 

.22 

.21 

95 

auapcolenf. 

N gosm Domiu. i 

1 Nicotine 

, None 

1.10 

I 10 

100 

Do. 

N. langsdorfHi Weinni i 

do 

Nomicotine 

22 

.16 

73 

alata. 

N. longiftara Cav ! 

do 

. do. . 

.04 

9 

9 

Do 

N marxtma Whwler _ i 

Nomicotine 

! None 

28 

.28 

100 

9naue<den9. 

N. rnegalohiphan H and M 

. do 

Nicotine' 

22 

.22 

100- 

Do. 

N. ncBophila Johnst 

(io 

Nicotine. 

1 .18 

17 1 

94 

repanda. 

N nudicauUs 8, Wats 

i do 

1 Nicotine ‘ 

.10 

10 

100- 


N, otophora Orim*b 

do . 

♦ 

.11 

. 11 

100 

tomenfota. 

N. paniculata L 

do 

' Nicotine 

.28 

.20 

71 

panicuuUa. 

N plumfHimnifolia Viv 

N raimondii Mat'br 

-do 

- -do 

.02 

9 

9 

alata. 

do 

do - 

80 

.67 

84 

paniculata. 

N. reimtda l>ehm. 

A^ itocktoni Brandeg 

do 

do. .- 

40 

.37 

93 

repanda. 

Nicotine - 

Nomicotine 

.00 

.46 

70 

1)0. 

N. nuavtolcnt I^hm . - 

Nomicotine 

Nicotine 

.46 

.30 

65 

guaviolens. 

N, Spg. and Comes 

N. tomenfoaa Kuiz and Pav 

- - do 

Nicotine >. . . 

.44 

.44 

100- 


do. 

None.- - . 

Trace 

Tract* 

100 

tomentasa. 

AT lomentotiformis (loodsp 

do - . 

Nicotine • 

.08 

.08 

100- 

Do. 

N. trigonophylla Dun . . 

. do - 

None 

.06 

.06 

100 

paniculata. 

AT. unduiata Ruiz and Pav 

do 

Nicotine 

.20 

.17 

85 

N. u'ignndioidet Koch and Pint 

Nicotine . 

None 

1.02 

1.02 

100 

tomentosa. 


‘ Only a trace of the secondary alkaloid was present. 


Nieotiana longiflora and N. plumbaginifolia each contained both 
nicotine and nomicotine, but the amounts were so small that it was 
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not possible to determine which was present in the higher concentra¬ 
tion. Among the 16 other species in which both nicotine and nor- 
nicotine were found, only iv. benavidesii^ N, langsdorffii, and N, 
stocktoni contained nicotine predominantly. 

No wild species studied had as much as 2 percent alkaloidal con¬ 
tent; whereas bo tlx the cultivated ones (Nicotiana tahacum and N. 
rustica) usually had at least this amount. Only 3 wild species gave 
analyses of over 1 percent alkaloid; and 22 had less than 0.5 percent 
alkaloid. In 23 species, 84 to 100 percent of the total alkaloidal 
content was taken up by the main alkaloid (table 1). 

Hybrids were made between Nicotiana species in which different 
alkaloids were predominant so that crosses of nicotine types with 
nornicotine types, nicotine with anabasine, and anabasine with nor- 
nicotine could be investigated. Inheritance of alkaloids in Fi hybrids 
of the first type was tested by crosses of N. (nicotine) with 

N, sylvestris, N. tomeniosa, and N, glutinosa (all nornicotine species). 
The results are shown in table 2. In each hybrid the genetic factors 
controlling nornicotine formation were partly dominant over those 
producing nicotine. The total percentage of alkaloid in the Fi plants 
was higher than in the nornicotine parents. 


Table 2. — Alkaloids of certain Nicotiana interspecific hybrids.^ 


Nicotiana interspecific cross 

Fam¬ 
ily 1 
No. 

Main alkaloid 

Socfindary I 
alkaloid 

j 

i 

Total !* 
alka- 1 
loidal 1 




content} 

1 

Ff ifc^cum X 9ylce9tru) . 

3790 

1 

Nornicotine--- 

Nicotine , 

1 

Percent ’ 
2 20 1 

Do... . -- 

.38104 

-do 

[ - do 

1 14 1 

Fi {tahacum X tomentma) ... 

39117 

do _ 

-do - - 1 

1 20 1 

Fi (tahacum X glutinona) _ 

38280 

- -- do .. - 

- - do ! 

1.92 i 

Fi (tabacum X glauca) . 

39115 

Anabasine 

.. do 

.90 

Amphidiploid {tabacum X glauca) . 

39110 

. do . - - 

do 

.98 

Fi {glauca X tomentoca) .. 

38287 

9 

?_ 

24 

Fi {glttfiiiMa X syltfcstrUt) .. 

38113 

Nornicotine- 

Nicotine ! 

i 

1.30 

1 


Main alkaloid 


IVrwnt* 
I‘or- age of 
(X'nt total 
alkaloid 


2 25 

I 99 

.99 

1 W 

1. 18 

1 98 

I 73 

90 

.90 

94 

.95 

97 

1.20 

i m 


1 All data in this tabic arc on leaver of topped plants. 


The F] hybrid Nicotiana tdbacum X N. glauca was used to investi¬ 
gate a cross between a nicotine and an anabasine type. The genetic 
factors for anabasine formation are partly dominant over those con¬ 
trolling nicotine formation in the F, (table 2). The total percentage 
of alkaloid and of anabasine was higher in the hybrid than in N. glauca. 
In a sample of the N. tabacum X N. glauca hybrid grown in 1938 
(38114) the writers have noted the presence of nornicotine in addition 
to anabasine and nicotine. 

The F, Nicotiana glauca X N. tomentosa was intended to be used to 
investigate a cross between an anabasine and a nornicotine type. It 
was found, however, that with the present chemical techniques it 
was not possible to separate these two alkaloids readily in a mixed 
sample having such a small total alkaloidal content (0.24 percent). 

The dominance of nornicotine over nicotine was consiaered to be 
only'partial since neither Nicotiana glutinosa noy N, tomentosa con- 
tainea detectable amounts of nicotine, yet this alkaloid was found in 
hybrids between each of these species and N. tahacum. Similarly the 









Oot. 1, 1942 


Alkaloids in Nicotiana 


353 


genetic factors controlling anabasine formation probably are not 
completely dominant over those for nicotine since the percentage of 
anabasine in the total alkaloid is lower in the N, tabacum X N. glauca 
hybrid than in N. glauca itself. 

Nicotiana glutinosa and N. sylvestris^ two predominantly nomicotine 
species, were crossed, and, as expected, the alkaloidal content of the Fi 
hybrid was mostly nomicotine with a small percentage of nicotine 
(table 2). 

GENETIC DISCUSSION 
SPECIES 

Almost one-half of the definitely established species of the genus 
Nicotiana were included in these investigations. Seven of the fifteen 
recognized Australasian species were analyzed; and some from each 
of the four centers of distribution in the Western Hemisphere; namely, 
Peru and Bolivia, Chile and Argentina, Uruguay and southeastern 
Brazil, Mexico and southwestern United States. There was no 
apparent relation between the geographical distribution of a species 
and the identity of its main alkaloid. 

Each of the known chromosome numbers (8), from those with 9 to 
those with 24 pairs of chromosomes, was represented by 1 or more 
species; and most of the main phylogenetic groupings in the genus (5) 
were included in the types used. 

With regard to chromosome number, an interesting relation was 
observed in the Australasian or snaveohns ^oup of Nicotiana. The 
principal alkaloid was found to be nomicotine in species that had 16 
and 20 pairs of chromosomes; namely, Nicotiana exigua, N. maritima^ 
N. suareolens^ N. goodspeedii, and iV. megalosiphon. Anabasine was 
the main alkaloid in dehneyi, the only Australasian species so far 
determined to have 24 pairs of cliromosomes; and nicotine was the 
main alkaloid in N.gosseij the only species with 18 pairs of chromosomes. 

Among American species, the cultivated Nicotiana tabacum and 
N. rustica have 24 pairs of chromosomes and contain a large amount 
of alkaloid, which is predominantly nicotine. N. sylvestris, N. tomen- 
tosa, and N. tornentosiformis, which are considered to be the probable 
wild progenitors of N. tabacum (3), have 12 pairs of chromosomes and 
contain a small amount of alkaloid, which is mainly or entirely nornic- 
otine. Similarly, N. paniciUata and N. undvlata, wliich are considered 
to be the probable wild progenitoi’s of N. rustica, have a small amount 
of alkaloid, which is predominantly nomicotine, and have 12 pairs of 
chromosomes. 

The apparently inconsistent situation in which the hybridization 
of two species with low concentrations of alkaloid that is mainly 
nomicotine produces a new form having a hi^h concentration of nico¬ 
tine might be explained if evidence were available that the conditions 
under which the cultivated types were formed and are grown favor 
the production of large amounts of alkaloid and that high concentration 
of total alkaloid favors the formation of nicotine. 

The following facts support the first part of this hypothesis: (1) 
There is experimental evidence that chromosome doubhng (which is 
considered to-havc'occurred* in'the formation of the cultivate species) 
causes an increase in alkaloidal content {11, 24) i (2) the cultural 
methods used in the growing of tobacco (topping, suckering, heavy 
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application of fertilizer) favor production of high alkaloidal content; 
(3) for centuries these species have been cultivated and used by man 
for the effect produced by the alkaloid that they contain. Therefore 
it seems not too speculative to assume tliat selection for high alkaloidal 
content (i. e., for genes that increase the production of alkaloid) has 
been practiced, and the fact that low-alkaloidal strains have been 
selected from some present-day varieties of N. tahacum supports this 
suggestion. 

The following facts support the second part of the hypothesis; 
namely, that high concentrations of alkaloid favor the formation of 
nicotine (or low concentrations, the formation of nornicotine); (1) 
Large quantities of nornicotine have been found in low-alkaloidal 
strains of Nicotiana tabacum {6,9 ); (2) the alkaloidal content of species 
in which nicotine predominated (table 1) was higher on an average 
than those in which nornicotine was the main alkaloid; (3) Shmuk (16) 
found that, out of 11 Fi plants of N. tomentosijormis X A'^. sylvestris, 
9 had a total alkaloidal content ranging from 0.129 to 0.510 perc(*nt, 
while the other 2 had 0.656 and 0.859 pc'rcent, respectively, and that 
the chief alkaloid in the fii-st 9 Fj plants was nornicotine, while in the 
remaining 2 it was nicotine, thus showing that a predominantly 
nicotine type, like N. tabacum, could have been formed from the 
crossing of 2 predominantly nornicotine types, pn)vided the hybrid 
had a sufficiently high concentration of total alkaloid. 

In regard to relations among species in the various phvlogenetic 
groups, it was foun<l that of those analyzed in the paniculuta group 
(Niaotiana benavidesii, N. glauea, N'. paniculata, rairnondii, and 
N. undulaia), all but N. glauea were of predominantly nicotine or 
nornicotine typos. From cytological observations (3), M glauea had 
already been considered alxurant in tliis group. The discovery that 
it is exceptional for a species to have anabasine as the main alkaloid is 
confirmatory evidence of the isolated position of N. glauea. The fact 
that N. debneyi of the suaveolens group was the: only other species 
found to contain anabasine as the principal alkaloid is evidently a 
case of parallel evolution rather than any indication of homology 
between this species and N. glauea. Most species of the alata group 
(N. alata, N. langsdorfii, N. longijlora, and N. plumbaginifolia) tend 
to contain nicotine predominantly; and most of the iomentosa group 
(N. glutinosa, N. otophora, N. tomentosa, N. tomentosijormis, and 
N. wigandioides), with one exception, noniicotine predominantly. 

HYBRIDS 

Russian investigators have reported in some detail on hybrids 
between different alkaloidal types, and with certain crosses the work 
has been continued to the F* and further inbred generations. Shmuk 
(16) has studied the following crosses: Nicotiana tahacum (nicotine) X 
N. sylvestris (nornicotine), N. tomentosiformis (nornicotine) X AT. 
sylvestris (nornicotine), and N. langsdor^i (nicotine) X N- alata 
(nicotine). He also reported that anabasme dominated over nicotine 
in the Fj hybrid N. tahacum X N. glaum; and that, in subsequent 
inbred generations, types with anabasine, nicotine, and mixtures of 
the two were produced. 
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A short time later Temovsky, Kbmura, and ^ukov (S4) published 
a paper on the alkaloids in various heteroploid types having extra 
chromosomal complements of Nicotiana glauca and of N. tabacum. 
All contained anabasine predominantly, even where there were two 
N. tabacum genomes to one of N. glaum {2Att-\-l2g) . This particular 
combination had a higher percentage of anabasine than others with 
proportionately more N. glauca chromosomes. 

Ternovsky ot al. {24) also investigated crosses between Nicotiana 
rustica and N. glauca. Only anabasine was found in the Fj, sesqui- 
diploid (24r-\-12gg), and crosses of the scsquidiploid to N. glauca and 
N. tabacum. More recently 2ukov (25) and Kostoff (7) have published 
results of their work on heteroploid N. rustica X N. glaum combina¬ 
tions. The araphidiploid {24rr-\-\2gg) and the sesquidiploid (24rr-|- 
12 jr) had higher percentages of anabasine content than N. glauca. 
In backcrosses of the hybrid N. rustica X N. glauca to N. rustica, 
some plants were obtained containing only nicotine; some, only 
anabasine; and some, mixtures of nicotine and anabasine. 

From their studies on the hybrids of Nicotiana tabacum with N. 
sylmtri<i and N. glauca the writers were able to confirm the general 
results reported by Shmuk and his coworkers, but their findinp differ 
in certain respects from those of the latter. Slimuk (16) and Shmuk 
and Kbmura {17) found no nicotine whatsoever in the cross of N. 
tabacum with N. sylvestrls, whereas in all samples of this hybrid that 
the writers have analyzed some nicotine was present. It appears, 
however, that Shmuk was using the reciprocal cross, wliich conceiv¬ 
ably might account for the different result. Slmiuk and other Rus¬ 
sian investigators found that in the Fi hybrid N. tabacum X N. glauca 
nicotine was usually absent; but a few plants contained traces of this 
alkaloid. In analyses (»f this hybrid, the writers found that all samples 
contained some nicotine, and they consider it a characteristic secondary 
alkaloid of the F|. 

Results of the Russian investigations, which were continued beyond 
the first generation, may be summarized as follows: 01 Some segre- 
gants were produced that contained only one or the other of the 
alkaloids involved in the cross, while the remaining segregants con¬ 
tained mixtures of the two in different proportions. A secondaiy 
alkaloid that is present in small amounts m one parent may become 
the chief alkaloid in some individuals of a hybrid or inbre<l family. 
(2) No obvious Mendelian ratios were obtained in families segregating 
for different alkaloids, nor would they be expected, since the inter¬ 
specific hybrids and extra chromosomal forms all show irregularities 
at m(‘iosis. 


ECONOMIC POSSIBILITIES 

Since none of the wild species studied contained as much nicotine 
as the cultivated ones, Nicotiana tabacum, N. rustica and selections 
from crosses between these species are the most promising sources 
of this alkaloid. Nicotine is used widely as an insecticide; and al¬ 
though it is now obtained from scrap leaf material and stems of N. 
tabacum as a byproduct of the tobacco industry, new selections of 
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N. rustica (fig. 1, A) have been obtained that yield large quantities of 
this alkaloid and it may be possible to develop strains from them 
that can be grown profitably for the nicotine alone (S2). 

Anabasine is not used commercially as an insecticide in this countiy 
at present; but it has been shown experimentally to be more toxic 
than nicotine to A’phis rumicis L. (f4)- In Russia anabasine is evi¬ 
dently used extensively and is obtained from Anabasis aphyUa, a 
shrub that grows wild in the region of the Caspian Sea (12). This 
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Figure 1. —Types ^of Nicoiiana that are promising sources of the three main 
alkaloids found in the genus: Ay N, rmticuy new selection of hybrid origin, 
a source of nicotine; By amphidiploid, N. tabacum X iV. glaucay a source of 
anabasine; C, Fi, N. tabacum X N, tomenioaay a source of nornicotine. 


source is not enough to supply the demand (25), however, and conse¬ 
quently there has been interest in breeding forms of Nicotiana having 
a high anabasine content. 

Nicotiana glauca appears to be the best species to use for this 
purpose, as the plant is larger and contains a higher concentration of 
alkaloid than N. debneyi, the only other species so far determined to 
have anabasine as the main alkaloid. The growth habit, yield, and 
alkaloidal content need to be improved, however. A fairly fertile 
strain (fe. 1, B) in which some of these improvements have been 
made (table 3)>was produced-by doubling the chromosomes of the 
Fi hybrid N. tabacum'X N. glauca with coldhicine to form an amphi- 
diploid (21). Further experiments are being carried out in this 
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laboratory in an attempt to combine the best qualities of N. gUmca, 
N. rustiea, N. tabaewn, and possibly N. debneyi into strains that 
will yield still larger amoimts of anabasine. It is expected that fertile 
combinations containing full chromosome complements of any two or 
three or of all four species can be produced wdth the aid of colchicine 
as an agent for doubling chromosomes, provided multivalent associa¬ 
tions at meiosis do not seiiously interfere. The writers have obtained, 
but have not yet analyzed chemically, the following crosses and their 
double chromosome forms (diploid for each species): N. debneyi X N. 
glanca, N. debneyi X N. tabacum, N. debneyi X N. glauca X N. rustiea, 
N. debneyi X N. tabacum X N. glauca, and N. rustiea X N. debneyi 
X N. tabacum. Russian investigators have reported (7, 26) that the 
amphidiploid and sesquidiploid (24rr + 12p) of crosses between N. 
rustiea and N. glauca contained a high percentage of anabasine. 

Nonucotine, the most prevalent alkaloid among wild species of 
Nieotiana, also has been shown experimentally to be highly toxic to 
certain insects (11). The Fi hybrid N. tabacum X N. tomentosa was 
the largest predominantly nornicotine type that was obtained in the 
writers’ investigations (fig. 1, ( 7 ). Fourteen topped and suckered 
plants of this hybrid had an average of 1.18 percent nornicotine, an 
average dry leaf weight of 93.7 gm. per plant, and an estimated poten¬ 
tial yield of 21.4 pounds of nornicotine per acre. 

SUMMARY AND CONCLUSIONS 

All 29 of the wild species of Nieotiana that were studied contained 
1 or more alkaloids. 

Nieotiana alata, N. bigeloni, N. gossei, and N. wigandioides appar¬ 
ently contained only nicotine. 

I^icotiana glutinosa, N. maritima, N. otophora, N. tomentosa, and 
N. trigonophylla apparently contained only nornicotine. 

Nieotiana debneyi and N. glauea contained la?gely (/,f-anabasine. 
In the former about 15 percent of the total alkaloid was nicotine, 
whereas in the latter a much lower percentage of this alkaloid w'as 
found. 

The remaining 18 species that were analyzed contained mixtures 
of nicotine and noniicotinc. Of these, nicotine was predominant 
only in N. benamdesii, N. langsdorffii, and N. stocktoni; in N. longiflora 
and N. plumbaginifolia it was not possible to determine which of the 
two alkaloids w'as present in the higher concentration; and in the 
rest nornicotine predominated. 

No wild species studied contained as much as 2 percent total alka- 
loidal content and most had less than 0.5 percent. 

In 23 of the species, 84 to 100 percent of the total alkaloidal content 
was taken up by the main alkaloid. 

In crosses hetween Nieotiana tabacum, which contains mostly 
nicotine, and species whose alkaloidal complex was made up largely 
or entirely of nornicotine, the hybrids contained mainly nornicotine 
together with small amounts of nicotine. 

The Fi and amphidiploid Nieotiana tabacum (nicotine) X N. glauca 
(anabasine) contamed mostly anabasine with some nicotine. In one 
sample of this F, a trace of nornicotine was detected. 
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A q^uantitative method of separating anabasine from nomicotine 
is needed in order to study profitably the alkaloids of hybrids in which 
both are present. 

Altho^h the species considered as the probable wild progenitors 
of Nicotiana tabacum and N. rustica all have a low alkaloiaal content 
that is predominantly nornicotine, the two cultivated species them¬ 
selves have a high alkaloidal content that is mostly nicotine. A 
su^ested explanation of this situation is that the manner of origin, 
selection, and culture of the cultivated species produced a high alka- 
loidal content, which in turn favored the formation of nicotine. 
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DEVELOPMENT OF THE PISTILLATE FLOWER AND STRUC¬ 
TURE OF THE FRUIT OF TUNG (ALEURITES FORDII)* 


By Lewih P. McCann, 

plant geneticist^ Divis'ton of Fruit and Vegetable Crops and Diseases 
Bureau of Plant Industry^ Agriculiural Research Ad ministration y United 
States Department of AgiicuUure 

INTRODUCTION 


Tiio study of the pistillate flower and developing fruit of the tung 
tree {Aleurites jor<hi Hemsl.) reported herein was undertaken to 
determine the general morphological characteristics of the fruit. 
Although this tree is the commercial source of tung oil, then* are many 
undescribed details concerning the development and structure of its 
fruits and the seeds fnmi whicli the oil is extracted. Investigation of 
the internal structure of the fruit is of particular importance as a 
basis for furth(*r studies of the origin of the oil and the nature of its 
(‘Igboratiou. Furthermore, the terminology of the various botanical 
structures of the fruit needs to be clarified. 

The tung industrv is as yet too young to have developed definite 
horticultural varieties. Efforts are being made by the Bureau of 
Plant Industry, the State experiment stations, and a few private 
growers to develop vari(*ti(»s by selection, but as yet commercial 
orchards consist almost entin*ly of seedlings, and each tree differs 
from the others in one or inoie charact(*is. Since seedling tung trees 
an* of different genotypes, there is great variability in shoot growth, 
flower-bud initiation, development of the embryo, and growth and 
maturity of the fruit, and the.se chai’acters are not so constant as 
tli(*y are in hoiiicultural clones of other on hard crops. 


REVIEW OF LITERATURE 


The mode of flow (‘ring and fruiting in the tung tree has be(m 
d(‘S(Tibed by Dickey and Keuther { 8 )} Seviu’nl variations in the 
flowering and fruiting habits are mentiorrc'd. 

Abbott (/) found that und(‘r Florida conditions in 192() and 1927 
initiation of fr-uit buds in tung occuiTod betwt'en Mav 10 and October 1, 
th(‘ majority of the buds differentiating during the latter half of June. 
He beli<‘V(‘(l that the (‘arly blossom-bud differentiation of May 10, 
1927, was hasten(‘d materially by a shortage of available soil moisture. 

According to Croizat (6*), some systematists believe that the 
Euphorbiaceae arc* closcdy ivlated to the Juglandaceae. A number of 
studies have been made on the fruits of Carya and Juglans species; 
tlu'se are of interi'st, since in some ways these fr’uits are similar to 
tliose of tung. Crane and Hardy (J) report( hI two periods in the de- 

‘ Kowl\c<l for plll)H^^ation August 29,1941 
^ Italic numbers lii parcnthc’^os refer to Tjiterature CIUhI, p 177 
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velopjuent of the pecan fruit: (1) The period of growth in size, which 
begins at blossoming and probably ends with the hardening of the 
shell, at wliich time the nuts have attained full size; and (2) the 
period of filling of the nut, which begins probably about the time the 
shell begins to harden and ends with the separation of the nut from 
the shuck. These two periods in the development of pecans were 
analyzed further by Thor and Smith (^0), who reported that during 
September imder (sentral Texas conditions there may be a critiem 
period in the filling of the nuts due to unfavorable environmental 
conditions, since, nuts are largely filled during that month. 

In a series of papers J. G. Woodroof (25, 26), Woodroof and Wood- 
roof (27,28), and N. C. Woodroof (29) reported on the time of initiation 
of flower buds and the development of the pecan nuts to maturity. 
Staminatc flowers were* initiated during May and pistillate buds after 
the beginning of growth in the spring. It was found that the intenial 
character of the staminatc buds does not change from the time of 
harvest in November until the middle of Febniary. The hull of the 
pecan fruit is described as a modified calyx, which is shed at maturity. 
The shell is the ovarian wall; it begins to harden about 4% months 
after pollination and requires about .3 weeks for completion of hard¬ 
ening. All space within tin* ovary not occupied by the middle septum 
and the enlaiging ovule is filled with parenchymatous tissue of the 
eiidocarp. The nucellus with the small embryo sac fills the integu¬ 
ment in the early sttiges. The se(*d coat is a dev(‘lopment of the 
single integument insidt* of w’hich the embryo develops. Beginning 
about 9 weeks after pollination, the nucellus is gradually absorbed, 
and the embryo eventually fills the entire seed coat. 

Adriance (2) pointed out that the pistillat(> flower of the pecan 
contains an orthotropous ovule surrtmnded by a single integument, 
that the shell consists of tw'o carpels, that the four-valved husk 
develops from the low(*r parts of the calyx lobes, and that the flowers 
are sessile and arc borne in clusters of two to six. 

Shuhart (18) termed the hull of the pi'can a “specialized stem,” the 
shell a “hard lignified e.xocarp,” the ri<lg(*s on tin* inner surface of tin* 
shell “mesocaip,” and the so-called packing tissue, “parenchymatous 
endocarp.” He classified the pecan as a kind of ponu* fruit that con¬ 
sists of a specialized stem, the husk, w'hich surrounds a normally 
two-carpelled ovary containing a single ovule. 

Langdon (11) describ(*d and compared the embryogeny of Carya 
and Juglans. The so-called packing tissue of tin* genus Carya. was 
d^cribed as follows: “During early fruit development, all space 
within the ovary not occupied by the middle or primary septum is 
filled with the light parenchymatous tissue of tin* endocarp. w'hich 
takes its origin from the inner tissue of the carpel walls and from tln^ 
septum.” 

Later, Langdon (12) described the walnut ovaiy Jis a fleshy, urn¬ 
shaped tube, the product of conjoint growth of the stem and carpels. 
The involucre was described as a cupular structure of fleshy axis, 
which encloses the ovary and is united with it, forming the fibrous 
fleshy indehiscent hu.sk. 

The morphological development of Juglans regia L. was reported 
by Nast (16). The kernel of the nut is the embryo, the greater part 
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of the husk of the matured fruit is involucre, a thin layer of the husk 
is perianth, and the shell is the greater part of the ovary wall. The 
vascular system has three cycles: An outer cycle ending in the in¬ 
volucre; an inner, perianth-carpel cycle; and an innermost ventral 
cycle. 

METHODS AND MATERIALS 

Terminal tung buds were collected at weekly intervals from Decem¬ 
ber 1938 to September 1940 from 50 trees selected to represent varied 
growing conditions and different genetic types. From 3 to 5 buds 
were collected at random from each tree each week. Buds were 
killed in various fixatives, including formalin-aceto-alcohol and 1 
percent picric acid in 50 percent alcohol, and Navascbin’s solution. 
Tissue was dehydrated in the ethyl-buiyl-alcohol series, embedded 
in paraffin, cut 8/i to 15/i thick, and stained in 1 percent aqueous 
crystal violet or in some cases in iron-alum haematoxylin. As a 
check on the paraffin technique, buds collected on the same dates 
were dissected under a dissecting microscope and photographed by 
means of microtessar lenses of 32-, 48-, and 72-mm. equivalent focus. 

Young fruits collected at the time of and subsequent to fertilization 
were fixed in formalin-aceto-alcohol and a modified Navaschin^s fluid 
containing twice the usual amount of formalin. The same techniques 
were applied as in the case of the buds. 

The fruits cannot be sectioned in the conventional manner wdien 
collected at the time of or subsequent to the hardening of the seed 
coat, which occurs about 3 months after bloom. Such fruits were cut 
wuth a heavy butcher knife into cross and longitudinal sections about 
10 to 15 mm. thick, fixed in formalin-aceto-alcohol, dehydrated, and 
cleared in glycerin and refined pine oil. Sections were photographed 
by transmitted light to show' vascular structure. 

The tung fruit consists normally of five seeds or ripened ovules 
enclosed in a fleshy hull, but the number may vSry from three to 
more than five. In this pap<‘r the term ‘^seed'’ will be adhered to, 
althougli it is common and accepted terminology^ to speak of the 
seeds as ^^nuts.’’ 

OBSERVATIONAL DATA 

TERMINAL GROWTH 

The oveiwiiitering terminal buds are almost invariablv mixed buds, 
and in addition to several vegetative grow'ing points they contain a 
varying number of differentiated flowers. Usually writhin 2 weeks 
after tlie flow^ers have set fruit, new' shoots start from the vegetative 
growing points. The number of such new' shoots produced on each 
terminal varies considerably. Eight terminals of the previous season 
oliserved on each of fifteen 7-year-old trees produced an average of 
4.7 shoots, with an average length of 30 cm. In a few^ cases as many 
as 17 new shoots have been observed on 1 terminal {10), 

TYPES OF INFLORESCENCE 

Tung trees are commonly monoecious and predominantly synoe- 
cious, with an average pistillate-staminate ratio of about 1 : 27 
(table 1). How^ever, it is not uncommon to find trees that produce 
inflorescences that are preponderantly staminate throughout the 
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entire tree, such as tree No. 18, table 1, with a ratio of 1 : 440. These 
trees are known by the tung growers as ‘‘male’^ trees. It is also 
possible to find trees that have very low ratios, such as tree No. 25 
with a ratio of 1 : 5. These trees are often characterized by aberrant, 
often abortive, staminate flowers and are commonly designated as 



Figube 1. —Diagrammatic drawings of several types of inflorescemee commonly 
found on tung trees: /I, Type found on staminate trees; B, type found on trees 
bearing fruit as ‘^singles”; C, type found on trees bearing fruit in a ‘'bunch 
cluster”; />, same as C, except for a terminal shoot appearing as a lateral branch 
from a flower stalk; E, type found on trees bearing fruit in a “grape cluster”; 
and h\ type found on trees bearing only one functioning pistillate flower in an 
inflorescence and from none to several usually abnormal staminate flowers. 
Of)en circles indicate position of staminate flowers in the inflorescence; circles 
with black centers indicate po.sition of pistillate flowers; and dotted lines indicate 
the position and points of origin of potential terminal shoots. 

female” trees. Still other trees show tendencies toward producing 
perfect flowers in certain inflorescences. 

Flowers are produced in eyinose inflorescences from the pulvinato 
growing point of the terminal bud. The number of main flower 
stalks or rachises arising from the glowing point of one> terminal bud 
varies from one to many. Figure 1 shows diagrams of several types 
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of inflorescence based on the position of the pistillate flower or flowers. 
Although the majority of the terminals of any one tree tend to produce 
only one of the types of inflorescence illustrated, it is not uncommon 
to find several types on one tree. 

Table 1 .—Pistillate and staminate flower ratios computed from counts made in 
April 1941 on 10 inflorescences from each of twenty-eight 6-year-old trees selected 
at random in two different locations 


I'rtH' No. 

Pistillate 

flowers 

Stami- 

nat(> 

flowers 

Ratio of 
pistillate 
to stami* 
nate 
flowors 

! 

1 

Trw No. 

Pistillate 

flowers 

Stami' 

nak* 

flow'ors 

Ratio of 
pistillak 
to stami' 
nato 
flowers 


Nu mber 

Nu mber 



Nuviber 

Numfter 


1 

24 

o:i8 

1:27 

10 - 

19 

088 

1 30 

2 

10 

107 

1:10 

17 . ... 

19 

.513 

1:27 

- . 

14 


1:23 

18 . . 

3 

1321 

1.440 

4 

18 

221 

1:18 

19 . 

9 

414 

1 40 

ij 

1 14 

251 

1:18 

20 ... 

1 14 

102 

1:12 


: 10 1 

.510 

1:27 

21 . 

10 

179 

1:IH 


i I 

I 243 1 

1 1:49 

22 

24 ; 

198 

1:8 

H < 

' 7 i 

, 250 1 

1:36 

23 

13 1 

111 

1:9 

» i 

1 4 I 

' 422 i 

I 1:105 

24 ... 

! 12 

1 200 

1.‘22 

10 j 

! 9 : 

139 

1 1:15 

25 ... 

! 34 

1 180 i 

1 5 

11 

H 

2.52 ' 

! 1-32 

20 .... . 

1 10 

100 ! 

1:10 

12 

7 1 

414 1 

i 1:59 


1 11 

1 .308 

1:28 

1:1 i 

1 9 

225 i 

I 1:25 1 

! 28 

i 4 

! 245 

1:01 

14 j 

1 8 1 

1 325 

1-41 il 


J--... 


1.5 

8 1 

3.59 

1.45 

j Avorairc* 


1 

1.27 

1 


Figure 1, yl, shows staminate inflorescence consisting of five flower 
stalks, all of which b(*ar staminate flowers. The terminus of each 
rachis may b(‘ branched dichotomously or trichotomously. Lateral 
flower stalks, also branched dichotomously or trichotomously, may 
occur on the main flower stalks. Figure 1, By shows the inflorescence 
found on trees that bear their fruit as “singles/^ that is, one fruit per 
tenninal bud. In this type, from one to many flow'er stalks occur, of 
which only the centerinost is terminated by a pistillate flower. The 
so-called bunch cluster is illustrated in figure 1, T, which shows that 
each of two or more flower stalks is terminatc'd by a pistillate flower. 
Tlu‘ remaining flow'crs of the inflorescence are staminate. The *^grape 
cluster” or **true cluster” (fig. 1, F) diffei*s from the ‘‘bunch cluster” 
in that pistillate flowers occur on branches from one or more of the 
main flower stalks. Usually the centennost rachis is the only main 
flower stalk to produce pistillate flowers both at the tenninus and as 
laterals. The pistillate type of inflorescence (fig. 1, F) is characterized 
by having only one main rachis, which is terminated by a single 
pistillate* flower. This type may have from none to several staminate 
flowers that are usually abnormal. 

The shoots arise from the tenninal growing point immediately below 
th(‘- points of origin of the flower stalks except in certain cases such as 
that illustrated in figure 1, D, In this type, the shoot arises from a 
lateral bud on the flower stalk. 

FRUIT BUD FORMATION 

The tenn “fruit bud,” rather than “blossom bud,” is used here 
because this study is primarily conceraed with the pistillate flower and 
its role in fruit development. 





366 


Journal of Agricultural Research 


Vol. 88, No. 8 


In 1940 (IS) at Bogalusa, La., lung started shoot growth about the 
second week of April. Terminal buds collected and examined at weekly 
intervals showed the first evidence of flower-bud mitiation during the 
second week in June (pi. 1, A). Initiation of pistillate flowers was found 
to occur until late October. In 1939 the first evidence of pistillate 
flower initiation was observed during the last week of May, and 
initiation continued throughout the summer until late October. 
Primordia in the individual pistillate flowers develop m acropetal 
fashion (pi. 1, B) and appear in the following order: Sepals, petals, 
staminodes, and carpels. However, the development of the entire 
inflorescence within the terminal bud is basipctal. The central and 
tenninal flower develops first, and the lateral flowers, usually staminate 
develop later. 

For convenience iti recording devi'lopment, the terminal buds 
examined were classed in four empirical groups: 

(1) Preinitiation stage.—No evidence of initiation of flowers. 

(2) Prodeterm ilia te stage.—Flower-bud initiation as evidenced by the widening 
and flattening of the moristeinatic axis and the appearance of primordia, which 
eventually form a two- or three-parted valvate calyx (pi. 1, -4). 

(3) Determinate stage.— Pistillate distinguishable from staminate flowers (pi. 
1, B). Staminate flowers (pi. 1, D) produce stamen primordia in an ascending 
spiral over the entire face of the central meristenmtic zone, while the pistillate 
flowers produce the petal and staminodal primordia in very close peripheral 
spirals. These protuberances soon form two concentric cycles of primordia at 
the periphery of the central meristem, winch then becomes dome-shaped. I'he 
carpel primordia ajipear later at the peripherv of the dome-shaiied meristem 
(pl. 1, C). 

(4) Advanced stage.— Carpel primordia have developed and the young pistil 
has the appearance of a five-lobed and scalloped cup (pl. 1, K). The concavity 
of the cup is divided by partitions into locules, which are on the same radii as the 
convex lobes of the carpels. 

RESTING BUDS 

When the developing pistillate bud reaches the advanced stage 
(pl. 1, /'), it appears to enter a state of seiniarrested development. 
During the remainder of the current growing season tliere is only a 
slight increase in diameter of the carpels, and there is no development 
of the carpel lobes to cover the locule cavities. Development of the 
carpel lobes to fonn stylar and stigmatic tissues is dcifinitely deferred 
until the following spring. 

SPRING GROWTH OP FRUIT BUD 

After the winter dormant period, the pistillate flowers resume rapid 
activity (pl. 1, (j-J), In 1939 growth began in early February, and 
between February 4 and March 15 the pistil increased in diameter 
approximately sevenfold. Activity can first be observed in the 
lengthening of the carpellary lobes (pl. 1, G and //) and of tissues of 
the central axis or placenta and septal walls. These soon meet and 
close over the locular cavities (pl. 1, /). Stylar and stigmatic tissues 
(pis. 1, I and e/, and 2, A) are formed from the extension of the 
pericarp. 

ENLARGEMENT OF FRUIT 

Vigor of the tree, the number of carpels per ovary, and the position 
of the pistillate flower in the inflorescence all have a bearing on the size 
of the developing pistillate flowers. In addition, the time of initiation 
has an important influence on the size that the pistillate flower attains 
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\y Top \\v\\ of (*arly stago of fiower-bud initiation, showing distinct sepal priinor- 
dia, June 12, 1940. B, Determinate stage of flower-bud differentiation, June 
25, 1940; petal and staininode priniordia initiated around central mcristematic 
dome of pistillate flower. C, Development of central meristematic dome, 
July 8, 1940; carpel primordia ap{)earing on ijeriphery. />, Stamen primordia 
formed spirally over meristematic surface, July 12, 1940. Ey Pistillate flower 
in cup stage, Xovember 4, 1939; definite locule formation in the carpels, but no 
development of placenta evident. Fy Top view of terminal bud showing young 
advanced stage of pistillate flower surrounded by young male flowers, July 25, 
1939, X6.5, Ey Pistillate flower showing development of carpels and increase 
in diameter, February 19, 1939. //, Further growth of carpels; locules outlined 
by growth of septal regions of fruit, February 20, 1939. A to E, G and //, 
Photographed with microteH.sar lens (48 mm.). X26, /, Development of 

stylar and stigmatic tissues, March 7, 1939; stigma lobe of each carpel bifur¬ 
cated. X7. J, Pistillate flower collected at time of full bloom, March 17, 
1939, XI. car, carf)el; pc, petal; sc, sepal; s/a, stamen; s/e, staminode. 









Wo‘>«>. March 23, 1939 V 1 ^ 
B, Mature, dry fruit showing slight basal septicidal dehis ccufcV X 0 5 r 

radial longitudinal sectum through^ ^ 

Sf ISi'i '“’' '*'?■”*' "■’'“■ '‘‘'ii" ct"& iT/iiralJS 
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before winter. Pistillate flowers initiated late in the summer reach 
the cup stage, but as a rule do not attain the diameter of buds initiated 
earlier in the season. Here again an accurate comparison is difScult 
because of differences between individual flowers on the same tree 
and betweejj individual seedling trees. Just before anthesis the ovary 
attains an average diameter of 5.4 mm. or about seven times the 
diameter at midwinter. 

The diameter of the ovary at the time of full bloom (pi. 1, J) ranges 
from 6 to 15 mm. Table 2 contains growth measurements made at 
approximately monthly intervals on killed and on growing timg 
fruits. The 1940 season was marked by a late spring and a const'quent 
late blooming period. Subsequent growth of the fruits was also later 
in starting in 1940 than in 1939, but it is also true that the rate of 
growth was faster in the late-blooming year than in the early-blooming 
year. In both seasons growth in size was complete by about July 
15. Growth of endosperm and embryo does not start until after 
the fruit has pnu’tioally attained its maximum diameter. 

GROWTH PERIODS OF FRUIT 

From the time of fruit set to maturity, the growth of the tung fruit 
can be divided into two major periods: (1) A period of growth in size 
of the .structural elements of hulls and seed coats and (2) structural and 
phy.siological filling of the seed by growth of the endosperm and growth 
of the embryo. This period is initiated at tin* time of or shortly before 
maximum size of the fruit is attained. 


Table 2.— Diameters of tuvg fruits on. different dates 


Dato 

1930 1 

imo i 

1 )atp 

1939 1 

1940 


! \ fit It met erg I 

.\ftill met erg 


!“• \ftJh meters 

Mil timet erg 

.Mar. lA-25 

(V I.-i * 


! Juno 10-20 

50-55 

3tI-5 

Apr. 10 20 

2(K10 1 


: July 10 20 

5fC60 


Mti> 1020 


16 29 

' 



I 


' From raiulom .saniplos of killed fruits 

’ Kn>m wivkly mcasiin'inoiits of a total of 260 fruits on 16 tn*«*s 

STRUCTURAL DEVELOPMENT OF SEED 

The diagrams of figure 2 reprt*sent structural development of the 
seed at weekly intervius from June 10 to August 12,1940. Each figure 
at each date represents the average of the seeds in 30 fruits collected at 
random. There is wide variation in seetls even witliin the same fruit 
(pi. 2, (7); likewise between fruits on the same or different trees 
(pi. 3, A). The cross-section and longitudinal-section diagrams for 
June 10 show' the young swd still in the process of grow'th and develop¬ 
ment (fig. 2, A, a, and B, a). The shell was thickening but did not 
begin to harden until about July 1. It is formed from the outer epi¬ 
dermis of the inner integument and encloses the remainder of this 
tissue. The shell is completely surrounded by outer integument 
tissue. The embryo sac is embedded in nucellar tissue at the 
micropylar end of the ovule, and the nucellus is suiTounded by the 
inner integument. The embryo sac is lined by a thin peripheral 
layer of endosperm. 
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GROWTH OF EMBRYO 

In early June the embryo and the endosperm are still microscopic. 
Increase in size of both begins early in July, at the time of or just 
before cessation of diameter growth in fruits. The longitudinal- 
section diagram for July 1 (fig. 2, B, d) shows a small globular embrvo 
at the micropylar end of the embryo sac. It is surrounded by the 



Fiai'RK'’2.—Weekly staKcs-of'endospermTand embryo growth between June 10 
and August 12, 1940. X0.5. ./I, Median crows sectioiiK of the seed: a, June 10: 

6, June 17; c, June 24; d, July 1; f, July 8; /, July 15; g, July 22; h, July 29; 

iy August 5; August 12. By Median radial longitudinal sections: a, Juiie 10; 

by June 17; c, June 24; d, July 1; e, July 8; /, July 15; g, July 22; h, July 29; 

iy August 5; j, August 12. Diagrams showing the cross and longitudinal sec¬ 
tions for July 1 (Ay d, and By d) indicate the initiation of rapid growth, which 
occurs after the maximum diameter of the seed is reached. The longitudinal 
section also shows the first macroscopic evidence of embryo growth near the 
micropylar end of the seed as a small globular mass of tissue, entirely surrounded 
by endosperm. The succeeding diagrams indicate t he growth of the endosperm 
and embryo at the expense of inner integuments and micellar tissue. 
coty Cotyledon; end, endosperm; it, inner integument; ii-nw, remains of inner 
integument; nucy nucellus; oi, outer integument; of, ovular trace; «, shell of seed. 

peripheral endosperm of the embryo sac. The embryo is attached 
by Its suspensor to the micropylar end of the embryo sac (pi. 4, 
A and F), Rapid growth of the cotyledons was observed between 
July 1 and August 12. As endosperm tissue develops, the embryo 
sac lengthens toward the chalazal end of the seed, and by August 12 
the cotyledons extend to almost the full length of the ovule. The 
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two thin cotyledons lie in a lonmdtuinal plane parallel to the wide 
axis of the seed (pi. 4, C). As the fruit hangs on the tree, the apex 
is directed downward. The radicle of the embryo is directed toward 
the apex of the fruit. 

Beginning about July 1, 1940, 30 fruits were collected at random 
from each of 2 orchards at weekly intervals. Each week embryo 
measurements were obtained by dissecting out 1 embryo per fruit 
from 10 different fruits from each orchard. These data, given in 
table 3, show that the embryo was large enough to be visible under 
the dissecting microscope about July 1 and that its most rapid 
gi-owth occurred about 1 month later. 

Table 3. —Length of lung embryos at various dates in 1940 


[Each figure Is an average of 10 embryos from different fruits) 


Dato 

Plot 1 

Plot 2 

Date 

Plot 1 

Plot 2 

July 1 . 

Millimeters 

0, 09 

Millimeters 

0 24 

Aug. 2-5. 

Millimeters 

4 32 

Millimeters 
U. 91 

July 5~8 . - 

.71 

73 

Aug 9. 


14.78 

July - - - 

1.05 

1,47 

Aug. 12 ... . 


15.10 

July l9-2:i 

2 10 

2 77 

Aug. 16-19_ 

ik 79 

20.14 

July 27 29 

1 .‘1.37 

1 

4 74 





GROWTH OF ENDOSPERM AND STRUCTURAL FILLING OF SEEDS 

The endosperm (pi. 4, A and J3, and fig. 2) begins growth soon after 
fertilization. Then* is a small but constant increase of endosperm 
tissue in the seeds while the fruit is rapidly increasing in size. Slightly 
tiefore the attainment of maximum fruit size, the endosperm begins 
rapid centrifugal giowth (fig. 2). By the mid(lle of August this tissue, 
which contains the* commercial timg oil, has filled the seed except in 
the region immediately adjacent to the inside of the shell. In this 
connection it should be point(‘d out that althougli the seeds are filled 
with endospiTin tissue 6 to 8 weeks after maximum fruit size is at¬ 
tained, the cells of this tissue still contain very little tung oil. 

The grow^th of endosperm described above has been made at the 
expense of the nucellus and inner integument tissues. By early June 
the nucellus fills a large proportion of the space within the seed coat 
or shell. The nucellus has the appearance of a translucent, hyaline 


A, Micropylar end of seed showing embryo still microscopic in size, and endosperm; 
shell develoi)ed from onter layer of inner integument; outer integument sur¬ 
rounds shell; June 21, 1940. X 14. B, Same as A ; section succeeding A showing 
dark-staining cells in micropylar canal between the outer integuments. X 14. 
C, Longitudinal sectithi showing mature seed and seed coat with reticulate 
paperlike pellicle; endosperm filling major part of seed in which is enclosed 
the young embryo; upper cotyledon has been removed. X2.5. /), Cross 

section just below vascular complex of young fruit, March 15, 1939. X14. 

Ef Buds, March 5, 1939; young pistils prior to anthesis showing development 
of stamiiiodes and apparently normal anthers. X3. F, Young embryo, 
approximately 1 nun. long, from seed, July 18, 1940. X33. G, Longitudinal 

median section through 1-year-old terminal bud, showing vegetative terminal 
meristeni, February 15, 1940. X1.5. H, Terminal bud from 8-year-old 

tree, February 5, 1940. X3. 6r, Bract; bs, bud scale; rot^ cotyledon; emb, 

embryo; end,'endosperm; fir, flower; gp, growing point; hr, hairs; ii, inner 
integument; mic, micropyle; nuc, nucellus; ot, ovular trace; pel^ pellicle, rad, 
radicle; s, shell of seed; «c, sepal; sep, septal bundles; ate, staminode; siutp, 
suspensor; va, vascular system. 
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gel in contrast with the integument tissue, which remains opaque. 
As endosperm filling progresses, constant encroachments are made 
on nucellus and integument tissues until by mid-Aupist only a thin 
layer remains between the endosperm and the shelL Remnants of 
nucellus and integument form the pellicle in the mature seed. 

STRUCTURE OF THE MATURE FRUIT 

At the time of fruit drop, usually late October or November, the 
hull is soft and somewhat pulpy and the fruit bears a striking resem¬ 
blance in shape and color to a small apple. The majority of the fruits 
are oblate-spheroid in shape, but a few arc ovoid, obovoid, and top¬ 
shaped. The color ranges from green to a dark maroon. Some fruits 
exhibit a red blush of varying degrees of intensity over a green ground 
color. After dropping from the trees, the fruits in the commercial 
orchards are allowed to dry on the ground for a time and are then 
picked up by hand and placed in storage sheds or bins to dry thoroughly 
before milling. 

A thoroughly dry fruit has a dark-brown and sub woody hull, which 
exhibits a slight tendency toward basal and more rarely toward 
apical septicidal dehiscence (pi. 2, B). Each carpel is composed of a 
thick, fibrous, subwoody, boat-shaped outer hull (pi. 3, B) and an 
inner hull which lies in the concavity of the outer liull and envelops 
the seed with the exception of the funicular region (pi. 3, C), The 
inner and outer hulls separate readily. The dorsal periphery of the 
inner hull is thicker and tougher than the brittle, parchmentlike radial 
edges, which readily tear and permit the enclosed seed to be freed. 
The rough exterior of the seed coat is covered with a fine dust, the 
remains of the outer integuments. 

The mature seed (pi. 4, C) consists of a rough, bony seed coat about 
1 mm. thick; the pellicle, which is a thin reticulate, paperlike layer 
immediately inside the shell; the endosperm, which compos(»s the 
major part of the kenicl; and the embryo, which is enclosed with the 
endosperm. The embryo consists of a comparatively large radicle 
and two thin flat cotyledons. 

VASCULAR ANATOMY OF FRUIT 

Vasculai studies were made on the developing pistillate flowers from 
the time of their initiation to the time when the fruits attained their 
maximum size. In early stages of flower-bud formation, separate 
and distinct traces diverge from the main axis to sepals, petals, stain- 
inodes, and carpels (fig. 3). 

Green fruits were collected on August 15, 1940, after maximum size 
had been attained and seed filling was almost complete structurally. 
Studies of sections of these green fruits, together with previous studies 
made on glycerin-cdeared and pine-oil-cleared fruits, gave data from 
which to construct a diagram of the vascular system as of August 15, 
1940 (fig. 4). The fruit is shown in cross section along seven hori¬ 
zontal planes {Cto / inclusive), in median longitudinal section through 
a seed {A), and in longitudinal section through a septum (R). It 
will be noted that in the peduncle there is a ring of vascular tissue at 
C, which breaks into strands above D. The number of strands de¬ 
pends upon the number of carpels in the fruit. The first strand to 
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I'KiiTKE 3.—Microprojcctor drawings of longitudinal sections made from prepared 
slides showing the development of the pistillate flower from the dormant bud 
to fruit setting. X 7. A, Dormant pistillate flower, January 5,1939. Initia¬ 
tion of spring growth, February 5, 1939; all parts Iiave grown. C, Carpellary 
tissue developed and covering locular cavities, Februar>^ 22, 1939; ovule devel¬ 
opment beginning. />, Further development of carpels to form stylar tissue, 
March 5, 1939. Pistil just prior to an thesis, March 15, 1939. F, Young 
fruit, April 1, 1939, approximately 1 week after full bloom. a6, Axis bundle 
(septal and ventral undiverged); cha, chalaza; con, conducting tissue (seed); 
d6, dorsal bundle; c«, embryo sac; ti, inner integument; niic, micropyle; nuc, 
nucellus; obt, obturator; ot, outer integument; pet, petal trace; sep, septal 
bundle; sef, sepal trace; sf, staminode trace. 
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Figure 4.—Vascular study of tuiifj; fruit, August 15, 1940, X[0.75: /4, Median longi¬ 
tudinal section through one carpel; /?,longitudinal section through septal region: 
C-ly cross sections at horizontal planes indicated iK^tween A and R At plane 
C, the ixjduncle contains a ring of tissue; at plane £>, dorsal carpellary bundle 
diverges from vascular ring: at plane E, four strands of axis-septal bundles in 
placental region; at plane F, branching of dorsal carjHjllary bundles; at plane 
f7, median cross section of fruit shows four axis-septal bundles in placental 
region, ovular traces in ventral side of outer integument of (»ach seed, and parts 
of several septal bundles in septal regions between seeds; dorsal branches have 
diverged; at plane //, axis-septal bundles of placenta terminate in vascular 
complex; divergence of ovular traces; at plane /, four dorsal bundles at base of 
style, ah, Axis bundle (septal and ventral undiverged); con, conducting tissue 
(seed); cot, cotyledon; dh, dorsal bundle; end, endosperm: ih, inner hull; n-n//, 
remains of inner integument; lac, latex system; oh, outer null; oi, outer integu¬ 
ment; ot, ovular trace; s, shell of seed; sep, septal bundles; vc, vascular complex. 
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diverge from the main axis, just below cross section E, is the dorsal 
bundle. The main dorsal bundle branches to form several traces 
scattered throughout the mesocarp tissue. In cross section /, at the 
base of the style, there are four dorsal bundles, one for each carpel. 

The axial strands continue up the central axis of the fruit to a v^- 
cular complex near the itpex (fig. 4, B), The number of main axial 
bundles in the placenta depends on the number of carpels in the fruit. 
Thus, there are four in the four-carpelled fruit and five in the five- 
carpelled fruit. These strands (pi. 2, G-I) may be interpreted as 
undivcrged axis-septal bundles. The septal remons and the ovules 
are supplied from the vascular complex (pi. 2, 6). A number of the 
septal bundles are shown in the longitudinal section in figure 4, J5, 
and in cross sections F, O, and //. Each ovular trace is formed by 
two strands that diverge from separate septal bundles just after the 
latter leave the vascular complex (pi. 2, /, and fig. 4, H). Each 
ovul(' receives vascular supply from the two adjacent septal regions 
(fig. 4, //). The strands from the two septal regions fuse to form an 
ovular trace (pi. 2, 0-J^ and fig. 4, A, (?, and //). The trace follows 
the outer integument along the ventral side of the seed and enters it 
at the chalaza (pi. 2, D and E, and fig. 3, ?), connecting to tissue 
within the seed that stains darkly in the early stages of development 
and later develops spiral elements characteristic of conducting tissue 
(pi. 2, J). Thus the nucellus, developing endosperm, and embryo 
ar(‘ in direct contact with the main vascuuir system of the fruit and 
tree until filling of the seed by endosperm is complete. 

At th(‘ micropylar end of tbe seed the ovular trace may be seen to 
follow the outer integument around the seed toward the micropyh*. 
How’^ever, the. trace stops short of reaching the micropyle (pi. 2, 
and fig. 2, 7?, a). 

In the early development of the ovule (fig. 3, E) the nucellus ex¬ 
tends beyond the inner and outer integuments in the form of a long 
bottle-necked structure, which seems to be connected v\nth the ob¬ 
turator. Both the obturator and the projected nucellus evidently 
serve for osmotic conduction during the early stages of ovule develop¬ 
ment. Both structures gradually lose their identity as the shell 
forms from the outer layer of the inner integument. 

DISCUSSION 

PERIOD OF FRUIT-BUD DIFFERENTIATION 

The extensive period of time through wduch fruit-bud initiation 
may take place as reported by Abbott (/) has been corroborated in 
this work. In 1926 and 1927 Abbott found that fruit-bud difTerentia- 
tion in the tung tree ocdlrred at any time between May 10 and Octo¬ 
ber 1, with the majority of the buds differentiating during the latter 
half of June. In the present study the earliest evidence of fruit-bud 
formation was found during the last week of May 1939 and the first 
week of June 1940. Lateral pistillate flowers were found in the de¬ 
terminate stage as late as the latter part of September 1939 and 1940. 

The variation in time of formation of fruit buds is probably caused 
by a number of factors. Abbott (i) asserted that a shortage in the 
amount of available soil moisture will materially hasten time of differ¬ 
entiation. Many growers of deciduous fruits believe that dnr weather 
is favorable for the formation of fruit buds. There is little definite 
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evidence on the matter. Degman and others (7) found no correla¬ 
tion bet>^een moisture supply and fruit-bud formation in the Olden¬ 
burg apple, while in Rome Beauty the trees that became dry formed 
a greater number of fruit buds. Rasmussen (17) reported that blos¬ 
som-bud formation in Baldwin and McIntosh apples occurred earlier 
and was more abundant in the rather dry season of 1929 than during 
the preceding season in whicli there was heavy rainfall. 

In contrast with the long period of differentiation in tung, Ras¬ 
mussen (17) found that in New Hampshire the majorit.y of the buds 
on fruit spurs of the apple seem to be initiated during a period of 
only 10 to 20 daj^s. The period of differentiation for buds on terminal 
shoots of apples is doubtless longer. In the apple there are relatively 
few of these blossoming terminal shoots, whereas tung bears all its 
fruits terminally on shoots. 

While the earliest date of flower-bud formation has been deter¬ 
mined in many fruits, the period during which the majority of the 
buds are initiated has not received adequate attention. Hence, it 
is not possible to make further comparisons between tung and other 
fruits. The extended period of flower-bud formation in tung is under 
further study to determine what environmental factors may have a 
bearing on the date of initiation and the rate of development of the 
flower. 

OVERWINTERING PISTILLATE BUDS 

Woodroof (25, 26) reported that the pistillate flower of pecan is 
initiated in February, while the staminate catkins are definitely 
formed the summer before. Therefore, the pistillate bud of the pecan 
is not recognizable as such during the dormant season. During the 
dormant period the pistillate flowers of tung can easily be identified 
(pi. 1, E and F) and can be distinguished from the staminate flowers 
(j)l. 1, D and F), which may occur in varying degrees of development 
within the same terminal bud. 

GROWTH PERIODS OF TUNG AND OTHER FRUITS 

The total growth in diameter of tlie tung fruit was plotted against 
time by Kilby and Parker (10), A typical sigmoid curve was obtained. 
The hull and seed coat reacli maximum size at the end of a single 
cycle of growth activity. The embryo remains microscopic until 
about the time that the fruit attains maximumsize. Immediately after 
the first cycle of growth in size, a second period of grow th is begun 
during which the filling of the seeds with endosperm and the growth 
ill size of the embryo occur. Hence, the growth Tieriods of tung arc 
similar to those of tlie almond as reported by Brooks (.{)» «Jid to 
those of the pecan as described by Thor and i^mith (20) and Crane 
and Hardy (5). The growth of the tung fruit differs from the growth 
of fleshy drupe fruits as reported in apricot by Lilleland (13), in cherry 
by Tukey (22) and Tukey and Young (2^), and in peach by Tukey 
(21), Tukey and I^e (23), Harrold (9), and Lilleland (U)- There is 
no appreciable final swell of the mesocarp in tung such as is found 
in the fleshy drupes mentioned. 

Growth of the almond, a dry drupe, as reported by Brooks (4), is 
essentially similar to that of tung. It reaches its maximum size at 
the end of a single cycle of growth activity. During this period the 
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seed coats reach their full size, but the embryo remains microscopic. 
The first growth cycle is followed by a second in which embryo growth 
and filling of the nut take place. Because the mesocarp remains a 
dry tissue, there is no final swelling of the fruit as in fleshy drupes. 

As a whole the development of the tung fruit and filling of the seeds 
are analogous to the condition in pecan as reported by Thor and 
Smith {20) and Crane and Hardy (5). The first period of growth in 
pecan is from blossomiiig to late August or early September and is 
characterized by formation of structural elements of shuck and shell, 
while during a later second period filling of the kernel is of major 
importance. The first period of growth in the tung fruit is from time 
of olossoming to the time of maximum fruit enlargement—the struc¬ 
tural development phase. The second period covers the filling phase 
and includes the major growth of endosperm and embryo and subse¬ 
quent physiological changes in the endosperm. It is possible that the 
second period may be subdivided by further chemical studies of the 
kernel subsequent to the completion of the structural phase. 

VASCULAR SYSTEM OF TUNG FRUIT 

From tlie time of tlie formation of the embryo sac, the ovule is 
connected, by means of differentiated conducting tissues, with two 
sources of elaborated materials, namely, the leaves and the chloro¬ 
phyll-bearing tissue of the outer hull. The imdiverged axis-septal 
bundles, leading directly from the vascular system of the stem, pass 
through the center of the tung fruit from the base toward the apex 
and terminate in a vascular complex in the placental region. A con¬ 
siderable number of septal bundles lead from this vascular complex 
and extend through the parenchvmatous tissue between the carpels. 
Kach axis-septal bundle of the placenta supplies two adjacent ovules 
in part. Strands that are seen to diverge from septal bundles just 
after thev leave the vascular complex converge in the funiculus of 
each ovule to form the ovular trace, wliich enters and follows the 
ventral side of the outer integumeat to the chalazal end of the ovule 
or seed and connects with conducting tissue witliin the seed coat. 

Substances elaboniU'd or stored in the outer hull can be transportcal 
to the axis bundles through the dorsal bundl(*s and tludr branches 
or may in part move directly from the hull through the septal bundles 
to the ovular traces. 


STRUCTURE OF MATURE FRUIT 

The fruit of the tung tree is morphologically distinct in that it is not 
naidily allocated to anv specific group of the conviaitional classifica¬ 
tions of botanical fruits. 

Detailed comparison of the tung fruit with other members of the 
Euphorbiaeea(‘ is difficult Ix'cause of the wide divergence of form and 
structure within the family. The plants of the family that do bear 
fruits similar to that of tung are for the most part tropical, are not 
grown widelv in the Unit<‘d States, and are not described in the litera¬ 
ture on fruit morphology. This is especially true of the remaining 
members of the genus Aleurites: namelv, A, moniana (Lour.) Wilson. 
A, trisjierma Blanco, A. molu>ccana (L.) Willd., and A. cordaia (Thunb.) 
Muell. Of the better known plants of the Euphorbiaceae, the castor- 
bean {Ricinus)y as described by Bailey (S) and Small {19), warrants 
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mention in that its fruit probably most closely resembles the tung 
fruit in general structure. 

The busked fruits of the Juglandaceae, specifically the pecan and the 
walnut, have certain extrinsic similarities to the tung fruit. However, 
their morphological structure is vastly different. According to the 
studies of Langdon {11, 12), Nast (76), Shuhart {18), the Woodroofs 
{26, 26, 27, 28, 29), and Adriance {2), the husks of the fruits of the 
Juglandaceae are composed of receptacle and perianth tissues, which 
are floral appendages, while the hull of the tung fruit is a development 
from ovary-wall tissues. The shells of the pecan and the walnut are 
lignified parts of the ova^ walls, while that of the tung is lignified 
outer epidermis of the inner integument. The so-called packing 
tissue of the pecan and walnut, which is found inside the shell, is 
homologous to the parchmimtlike inner hull that surrounds the s(*(‘ds 
of the tung fruit. The kernel of the tung seed is mainly endosperm, 
but those of the pecan and the walnut are embryos. 

SUMMARY 

Tung trees arc commonly monoecious and pr(»dominantly synoecious 
but trees producing preponderantly staminate or pislillatt^ inflores¬ 
cences are not uncommon. The tung tre(‘ also shows a tendency to 
produce perfect flowers. Blossoms are initiated in terminal buds on 
shoots of the current season. Flowers arc* produced in cymose in¬ 
florescences from a terminal pulvinate growing poijut. I^ew shoot 
growth usually arises from buds immediately bedow the flower stalks. 

The inflorescence of the tung tree is highly variable in number and 
position of the pistillate flowers. Any one or all of several types of 
inflorescence may be found on any one tree, but there is a tendcuicy 
for one type to predominate. Tl)us, certain trees can be termini 
single,^’bunch cluster/’^^grape cluster,”*^ staminate,” orpistillate,” 
depending upon the nature of the inflorescence. 

Pistillate flowers are initiated from late May to late October. The 
development of the inflorescence is basipetal, but that of the individual 
flowers is acropetal. 

The dormant winter or resting bud cojitains pistillate flowiu-s iji 
which the carpels have, developed to form a cup-shapcnl structure. 
Development of the carpel walls to form stylar and stigmatic tissues 
(loes not begin until the initiation of spring giowth, usually about the 
first part of February, By the time of an thesis, increasi' in diameter 
is about sevenfold. 

From the time of fruit set to maturity, the growth of the tung fruit 
can be divided into two major periods: (1) A period of growth in size 
of the structural elements of hulls and seed coats and (2) structural 
and physiological filling of the seed by growth of the endosperm and 
growth of the embryo. This period is initiated at the time of or shortly 
before maximum size of the fruit is attained. 

Each carpel of the normally five-carpelled fruit is composed of a 
thick, fibrous, subwoody outer hull, in the concavity of which is found 
a parchmentlike inner hull, which almost cnmpletelv encloses the seed. 
The inner and outer hulls separate readily. The mature seed is 
covered with a layer of dust, the remains of the outer integument. 
The seed consists of a rough, bony seed coat (a development of the 
outer epidermis of the inner integument); a thin, reticulate, paperlike 
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pellicle immediatelv inside the sht'll (the remains of inner integument 
and nucellus tissue); the endosperm, composing the major portion 
of the kernel (the sourci; of the conunercial tung oil); and the embryo, 
consisting of a comparatively large radicle and two thin flat cotyledons. 

Vascular studies of the developing pistillate flower and growing fruit 
show that separate bundles diverge irom the main axis to sepals, petals, 
staminodes, and carpels. Studies of the vascular sj^stem of the mature 
fruit show that bundles are arranged in a cylinder in the fruit stem or 
peduncle. The cylinder breaks into strands in the ^^neck^' of the stem 
end of the fruit. Dorsal carpellary branches leave the main axis 
just above the ^^neck^^ and traverse the len^h of the carpels through 
the mesocarp tissue into thc5 stylar tissue. The axis bundles continue 
up the centfT of the fruit along the septal radii of the axis or placental 
region as undiverged axis-septal bundles terminating in a vascular 
complex in the funicular region. Each axis-septal bundle contributes 
branches to each of two ovules. Strands diverge from each side of 
each axis-septal buiwlle and converge in the funicular region to form 
the ovular trace of each carpel. The septal regions between the seeds 
an* supplied with a considerable number of strands, which connect 
the outer hull with the vascular complex of the placenta. 

The fruit of the tung tree is morphologically distinct and is not 
readily allocated to any specific conventional classification such as 
dry drupe or capsule. 
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MEASURES OF GROWTH RATE FOR USE IN SWINE 

SELECTION* 


By R. E. Comstock, research instructor, and L. M. Winters, professor, Division of 
Animal and Poultry Husbandry, P. S. Jordan, assistant professor. West Central 
School and Station, and 0. M. Kiser, assistant professor. Northwest School and 
Station, Minnesota Agricultural Experiment Station 

INTRODUCTION 

Rapid growth of swine is of value to the pork producer for several 
reasons. It is generally agreed that other things being equal faster- 
growing pigs require less feed per unit gain in weight. Since the pigs 
that grow faster reach market weight sooner the overhead cost of labor 
is smaller and the risk of loss from disi^ase, parasites, and accidents is 
reduced. In northern climates where cold weather often occurs late 
in the spring and early in the fall, rapid growth makes it possible to 
raise a crop of pigs during the short season when there is relatively 
little chance of their being subjected to severe weather. It follows 
that growth rate* is one of the characters to be considered in any 
improvement program. 

The studies to be reported were made with data collected on swine 
raised in the United States Ri'gional Swine Breeding Laboratory 
project at the University of Minmsota and its substations. The 
swine in (luestion were largely of the Poland China breed. However, 
from a (|uarter to a third of the data used in studying postweaning 
growth and the heritability of growth rates were obtained on a strain 
(lesi|niat(>d us Minn. No. 1. This strain has been developed by inter se 
mating of pigs from a (toss of the Tamworth and Danish Landrace 
breeds, and on an average the 1940 crop was about three generations 
removed from their Fi anci'Stors. All thi' pigs have been moderately 
inbred since the lines were established in 19.‘17. In 1940 the coefficient 
of inbri'cding (calculated accord'mg to Wright (.?!)*) averaged about 25 
percent for the Poland China and 20 percent for the Minn. No. 1 hogs. 

GROWTH OF PIGS UP TO 56 DAYS OF AGE 

Since the value of phenotypi*- selection in the choice of breeding 
stock depends on the extent to which observed differences result from 
differi'nces in genotypi', it is desirable to control the environment of 
animals from which seh'ctions are to be made in a mamier that will 
both minimize nongenctic variation and promote complete expression 
of genotypic differences. Thus selection for growth rate will be most 
successful when all animals receive as much feed of an optimum 
quality for growth as they can utilize. If the amount of feed provided 
is less than the animals can use or if the quality is not optimum, full 
expression of genotypic differences will not be obtained. If, in addi- 

‘ Rocolvod for publication January l/>, 1942. Paper No 1945. Scientific Journal Series of the Minnesota 
Atrricultural KxiH‘riment Station The work herein reiwrted was carrieti out in cooperation with the 
Kcfrional Swine Breeding Laboratory, Ames, Iowa, Bureau of Animal Industry, U. S. Department of 
Acrlculture. 

* Italic numbers in parenthestv refer to Literature Cited, p. 388. 
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tion, the amouut or quality of available varies from one animal 
to another, a source of nongenctic variation in growth is introduced. 

Donald ( 6 ) states, regarding sows, that different gland sections of 
the udder may secrete very different quantities of milk. The state¬ 
ment is based on his own data reported in another paper ( 5 ), He 
also found (5), as didBonsma and Oosthuizen ( 1 ) and Carlyle (4), that, 
in general, each pig nurses the same teat throughout the suckling 
period. Considering these things together, he concludes that differ¬ 
ences in nutritional opportunitv are the source of many of the differ¬ 
ences in the weight of pigs at both 3 and 8 weeks, and consequently 
that weight differences at those ages arc a poor indication of differences 
in genotype for growth. However, since Donald determined milk 
production by measuring (indirectly through difference in weight of 
pigs before' and after nursing) the amount of milk taken by the pigs 
in suckling, the possibility remains that the differences observed 
arose from variation in the appetites of the pigs and not from variation 
in productive ability of the se^parate sections of the udder. In effect, 
this would mean that each pig received as much milk as it would tak(‘ 
and that difference's in the amoimt the pigs could use or cared for 
made it appear that the different glands produced widely differe'ul 
amounts of milk. That each pig in a litter does receive' all the milk that 
it can take hardly seems likely in view of the fact, known to anyone 
who has c.arefully observc'd the nursing process, that pigs ovt'r 2 or 3 
weeks of age usually appear to want more milk than they are able 
to get. Nevertheless, more definite information showing that at least 
some of the pigs in a litter actually receive less milk than tlu'V <‘an 
utilize would help to clarify the issue. 

The usual conception of growth is that up to a certain limiting size, 
as animals become larger, their growth as measured by weight is more 
rapid if environment is optimum. Brody ( 3 ) stated this more pre¬ 
cisely when he said that the gi'ow^th of animals tends to follow a 
sigmoid curve with its point of inffection at or near the time of puberty. 
In the case of suckling pigs this means that the growth rate should 
increase from day to day and week to week and, since this period is 
so far in advance of puberty, the increases in growth rate with unit 
time should be progressively larger. Otherwise there is reason to 
believe that environment is not optimum. 

Data on the growth of suckling pigs have been collected at- the 
University of Minnesota. These include weights at birth and every 
7 days thereafter up to and including the fifty-sixth day, weaning age. 
Pigs raised at the Central station in 1939 and at the Central ami 
Northw'est stations in 1940 were included in the total number, 203, for 
which weights were recorded. 

The weekly weight increments of the suckling pigs are presented in 
table 1. Instead of the theoretical inf^rease throughout the 8 weeks, 
these increments first increase, then decrease, and then increase again. Is 
this significant, or are the decreased gains after a preliminary period of 
increasing gains no smaller than might be expected through chance 
deviations from a imiformly ascendmg curve? Sums of squares of 
deviations from the mean, a straight regression line, and second- and 
third-order regression lines are presented in table 2. Straight-line 
regression reduces the sum of squared residuals by a significant 
amount only in the data from Central station in 1940. The second- 
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Table \,-~Mcan weekly weight increments from the first to the eighth week inclusive 

by station and year 


Station and year 

Pigs 


Mean weight increment for week No 



1 

2 

3 

4 

5 

6 

7 

8 

Central: 

Number 

Pounds 

Poundn 

Pounds 

Pounds 

Pounds 

Pounds 

Pounds 

Pounds 

1»39. 

32 

2 05 

2 51 

3.33 

3.53 

2.90 

2.50 1 

3.25 

5.75 

1940 . 

63 

2.69 

3.20 

3.75 

3.15 

2.49 

4.00 

4.67 

6.78 

Northwest: 



! 







1940 . 

108 1 

2.24 

3.01 

2 89 ; 

2.77 

2.35 

2.27 

3.16 

5.46 

Total or welKhtetl av¬ 





i 





erage.. -- . 

203 

2.32 

2.99 

3.23 

3.01 

2.48 

2.84 

3.64 

5.92 


order regression in no case gives a significantly better fit than does 
linear regression. In every case the third-order regression gives a sig¬ 
nificantly better fit than the second-order regression. For these 
data the second-order recession when plotted represents weekly 
gains increasing each week, the increase from week to week being 
progressivelv larger. The third-order regression equation when plotted 
shows weekly gains increasing, then decreasing, and at last increasing 
again as we proceed from the first to the eighth week. Since the 
third-order regression gives a significantly better fit than the second, 
it is reasonable to assume that the decrease in weight gained aft^r 
about the third w^eek cannot be ascribed to chance mone. This 
constitutes a deviation from the theoretical curve of growth rates 
discussed earlier and accordingly suggests that environment was not 
optimum. There is a general agreement in this respect between these 
and other published data (9, /I, 14y 16^ 19), 

Table 2.- Sums of squares of deviations of weekly gains from mean and first-- 
second-y and third-order regression hneSy by station and year 


Deviation from— 


Station and year 

1 

Mean 

Fir&t order 
regression 

Second order 
regression 

Third order 
regression 

Ontral: 

1939 . i 

9.00:13 j 

4.829.') 

4.1455 1 

0 7578 

1940 . . 

13.6359 

5.5880 

2.7036 

.8322 

.Northwest: 

1940 . 

7.6726 

5.0450 

2 8979 i 

.0534 

Weighted average . - 

9.0094 


2.6795 

.0645 


Th(» most obvious explanation for the failure of growth rate to 
increase from week to week as expected is that the pigs were limited 
nutritionally. Smith (18) reported the average daily milk flow, in 
jwunds, of 11 sows by weeks as follows: First week, 5.01; second 
week, 7.46; third week, 8.40; fourth week, 7.80; fifth week, 5.72; 
sixth week, 5.77; seventh week, 4.65; eighth week, 3.24. These 
figures indicate an absolute decrease in milk secretion after the third 
week, whereas even a steady flow woidd probably have bwome in¬ 
adequate to complete realization of ability to grow as the size of the 
pigs increased. Data reported by Bonsma and Oosthuizen (/) and 
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by others cited by them agree very well with those of Smith. Figure 1 
presents graphically the average weekly gains of the pigs weighed in 
this study, together with Smith's data on milk flow. The parallelism 
between growth of pigs and milk flow of sows up to the sixth week is 
striking. Beginning with the sixth week utilization of the supple¬ 
mentary feed offered in creeps apparently began to more than com¬ 
pensate for the inadequacy of the milk supply of the dams. 

It should be mentioned in passing that the sows were in all cases 
full-fed. Management was designed to effect strict sanitation. 
Precautions were taken against anemia. Vaccination for hog cholera 
and castration were performed after the decrease in growth rate. 

The evidence presented and the literature cited indicate that 
growth during at least part of the suckling period is limited by nutri- 



WEEKS AFTER FARROWING 
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Fujure J.—Average daily milk How of 11 sows, as reported by Smith {t8)y and 
average weekly gain prior to weaning of 203 pigs. 


tion and that the limitations imposed are not equal for pigs in 
different litters or even for those in the same! litter. Under these* 
conditions differences in weaning weight are not lik(*ly to correspond 
very closely to differences in genotype for growth. 

Greater persist(*ncv of milk secretion by sows would be d(*sirabh*, 
but this would not be a complete answer to the probhun since the 
pigs as they grow need not only constant but also increasing amounts 
of suitable nutrients. If such a method of supplementing the dam’s 
milk could be developed that the growth of suckling pigs would not 
be hampered by inadequate milk secretion, weaning weight would 
become more dependent upon genotype and as a result would becomt^ 
more useful in selection for growth ratc^. The pigs here concerned 
were creep-fed with either corn and dry-rendered tankage or corn and 
skim milk. Obviously as supplementary feeds for suckling pigs they 
leave much to be desired. 

If it is true that proper supplementary feeding of pigs prior to wean¬ 
ing would cause weaning weight to be a more reliable measure of the 
individual’s inherited ability to grow, the correlation between weaning 
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weight and postwcaning growth should increase as a result of such 
feeding. During the years 1938 and 1939, six gi’oups of pi^ raised 
at the Minnesota experiment stations received supplemental feed of 
some kind during the suckling period while six other groups did not. 
The intralitter con*elation between weaning weight and rate of gain 
from 50 to 200 pounds was 0.201 for all the pigs that received feed 
(460 degrees of freedom) and —0.039 for the pigs that received no 
supplementary feed (439 degrees of freedom). The difference between 
these correlations has a probability of less than 0.01 of occurrence 
through chance.® This is not as strong evidence of the effect of 
supplementary feed as it appears to be in view of the fact that in only 
two cases w(‘re both treatments used at the same substation in the 
same year. However, in support of a theory which appears logical 
on other grounds it has some significance. 

MEASUREMENT OF POSTWEANING GROWTH RATE 

In general, tlu* absolute growth rate of normal pigs receiving un¬ 
limited amounts of a satisfactory feed increases with body weight at 
l(‘ast until the onset of puberty. The effect of this on the measure¬ 
ment of postwcuining growth rate is to cause a bias in favor of pigs 
with a greater initial weight for the period for which rate of gain is 
iiK^asured. Smith and lionald {17) pointed this out and presented 
supporting data. This raises the question whether rate of ^ain 
calculatecl from a standard initial age or from a standard imtial 
weight is the more useful measure of inherit(‘d ability to grow during 
the postweaniug period. 

Two measur<‘s of postweaning growth have been calculated for all 
pigs raised in the Regional Swine Breeding Laboratory project at 
Minnesota. They are rate* of gain from weaning to 200 pounds {y) 
and rat(‘ of gain from 50 to 200 pounds (yO. The first equals (200— 
weaning weight) divided by (age at 200 pounds—56, weaning age); 
the second equals 150 divided by (age at 200 pomids—age at 50 
pounds). Ages at 50 and 200 pounds were determined by interpo¬ 
lation after plotting weight against age on suitable graph paper. 

Correlations between weaning weight and both measures of rate of 
gain were calculated on an intrastatioa, intrayear basis for all spring 
pigs raised from 1938 to 1940, inclusive. These are presented in 
Table 3. The correlation between weaning weight and y is for every 


Table 3.--CorretoO’on coefficients describing the relation between ,weaning weight 
and two measures of postweaning growth rate 


! 

Degrees of 
fr^om 

Rate of gain from— 

Breed and souret* of variaiUH* 

Weanmg to 
200 (M)unds 

SO to 200 
pounds 

Poland China; 




Between litters 

176 

O.Ml** 

0.003 

Within litters ! 

1,010 

.372** 

.114** 

Minn. No. 1: 




Between litters - 

02 

.217 

-.299* 

Within litters. 

421 

, 171** 

-.092 


'^•ImlJcatrs P <0.01 that tho observtKl correlation is (llffc*rent from 0 liiie to chance alone. 
^Indicates P <0.05 that the ohsc^rved c<»rrclation is difTerent from 0 due to chance alone. 


^ Significance of the difference lM>tween correlations was here and in all later cases tested by transforming 
to 2*8 according to Fisher {%). 
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case significantly lai^or than the corresponding correlation between 
weaning weight and j/i. 

There are at least two paths of relationship between weaning weight 
and rate of gain (y) which affect the correlation between them: 
(a) growtli before and after weaning is controlled by a common genotype 
though all genes within that genotype may not have the same relative 
effect in the two periods, and (b) other things being equal, rate of 
gain is a function of initial weight for the period in which it is calcu¬ 
lated. The latter is a cause and effect relationship, the former is not; 
both favor positive correlation. A standard initial weight was used 
in the calculation of yi in order to eliminate the effect of (b). If (b) 
is the only cause and effect relationsliip between weaning weight and 
y, yi should (1) show less correlation with weaning weight than y (as 
noted above), and (2) should be less variable than y. If (a) were the 
only path of relationship between weaning weight and yi the correlation 
between them should lie somewhere between 0 and -^h^w-hfr (where K‘w 
is the genetic portion of variance in weaning weight and K^r is the 
genetic portion of variance in rate of gain after weaning) depending on 
how close genes for growth come to giving the same relative stimulus 
to growth before and after weaning. Bywaters (S) estimated as 
0.18. Lush {12) estimated the additive genetic portion of variance 
in rate of gain as 0.24. The total genetic portion would be somewhat 
larger than this. However, .^0.18 x 0 . 24 = 0.21 is a rough estimate 
for the upper limit of the correlation that should result from (a). 

The fact that of the four coefficients of correlation between weaning 
weight and yx presented, only one falls well within the expected range, 
two are negative, and one significantly so, indicates that some path of 
relation other than (a) exists between the two variables. Mumford 
{15) reported that if calves’ growth is limited nutritionally during a 
part of their growth period they will grow more rapidly when nutrition 
IS optimum. Woodman and Evans {20) and Jackson {10) reported 
the same phenomenon in swine and rats, respectively. This sort of 
occurrence, which might be termed “compensatory growth,” is a 
reasonable explanation for the size and sign of the observed correla¬ 
tions since, as discussed in the first section of this paper, growth prior 
to weanmg is often limited by nutrition. 

The coefficients of variation (C. V.’s) of y and yi were found to be 
0.0944 and 0.0970 respectively. Thus instead of being lower, C. V. yi 
was slightly, though perhaps insignificantly, higher than (\ V. y. 
A tentative explanation is that uniformity gained by calculating rate 
of gain from a standard weight is offset by what has been termed 
“compensatory ^wth.” In the case of y these opposing forces wouhl 
partly offset each other. Assuming this to be the correct explanation 
and reasoning a bit further, if compensator growth did not occur, 
C. V. y woula be greater than C. V. y,. The greater the effect of 
compensatory growth the larger C. V. yi would be and, otlier things 
being equal, the smaller the difference (C. V. y-C. V. yj) would become 
(in the arithmetic sense with regard to sign). At the same time the 
peater the effect of compensatory growth the lower becomes the corre¬ 
lation {r„gi) between yi and weaning weight (again with regard to 
sign). Thus, if the above interpretation is correct there shomd be a 
positive correlation between (C. V. y-C. V. yO and r^yi when they 
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are both calculated for several groups of pigs. Actually, a correlation 
of 0.61 was found between them with 16 different groups of pigs 
concerned. 

One conclusion to be drawn from the foregoing interpretation of 
the statistics presented conceniing growth is that rate of growth from 
50 to 200 pounds is biased in favor of the light weaning pig. Another 
is that the bias in postweaning rate of growth calcinated from a 
standard initial age in favor of the heavy weaning pig, reported by 
Smith and Donald (17), is not as serious as may at first appear since 
it is at least partly offset by the effect of compensatory growth. 

The correlations between weaning weight and rate of gain are all 
lower for the Minn. No. 1 pigs than the corresponding correlations 
for the Poland Chinas. The only one of the four differences between 
corresponding coefficients of the two groups not statistically significant 
is the one involving between litter variations of weaning weight and y. 
A difference in the amount of compensatory growth occurring in the two 
kinds of swine is a possible explanation. Tliis could result from a 
greater divergence in opportunity for growth up to weaning. The 
evidence is against this in the case of the within-litter correlations since 
the variance of weaning weight for the Minn. No. 1 and the Poland 
China pigs was practically the .same within litters (table 4). The 
variance between litters is higher for the Minn. No. 1 pigs. Smith and 
Donald (17) suggested that a possible source of positive correlation 
might be permanent injury to the pig's ability to grow by some factor 
that (caused low weaning w'cight. This would be exactly opposite to 
the situation in which lack of early growth w’as compensated by more 
rapid gains at a later date. It is possible that the Minn. No. 1 pigs 
are less susceptible than the Poland Chinas to permanent inju^ to 
their gwwth ability. They are a vigorous strain and accordingly 
may be better able to come through a period of slow growth and make 
up for it wdien conditions are favorable. Continuous observation of 
the pigs would if anything serve to reinforce one's belief in this 
possibility. 

Table 4. Mian squares hetv'cim and mthui liiUrs for xvraning weighty by breed 

and station 


1 Duta for 3 years conibinet) on an infrafarrow basis] 


BuhhI and sou^cH^ of vaiianco 

Decrees of 
freedom 

Mean square 


Poland China* 




Between litters 

177 

105 .5 

6.08** 

Within littc-s- 

1.011 

27.2 


Minii. No. 1; 




Between litters 


i 306. f> 

11 . 

Within litters .. 

422 

1 26.0 



♦•Jiidicatcs P <0,01 that F of this size would occur tbrouKb chance. 


The correlations between weaning weight and yi are smaller be¬ 
tween than within litters. This is probably due to nutritional and 
other environmental limitations varying more between than within 
litters, thus giving more opportunity for the compensatory growth 
factor to operate. 
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HERITABILITY OF GROWTH DURING DIFFERENT PARTS OF THE 

GROWING PERIOD 

The improvement of future over present generations that can be 
brought about through selection depends on the extent to which 
variations in the characteristic concerned are transmissible from 
parent to offspring. Heritability of weaning weight, 180-day weight, 
rate of gain from weaning to 200 pounds, and rate of gain from 50 to 
200 pounds were, therefore, estimated in order to throw further light 
on their comparative values in selection for growth rate. 

The method of intrasire regression described by Lush {13) was used. 
The basis for the regressions was somewdiat narrower than implied by 
intrasire, since the data were sorted into groups of litters born in the 
same year and season, sired by the same male, and out of dams born 
in the same year and season. Genetic variance thus w^as measured 
in relation to only that part of environmental variance that appears 
among pigs out of sows of the same age and within farrows. There 
were 172 dam-litter pairs making up 38 groups as defined above. Thus 
regression coefficients were based on 133 degrees of freedom. 

Table 5 contains the regression coefficients of offspring on dam for 
the items listed. None of them differs from zero by an amount large 


Table 5.*- Coefficients for the regressions of offspring on dam for various measures 

of growth 


Measure of growth 


Weaning weight 
180-day weight. 

Average daily gain from weaning to 200 pounds. 
Average dally gain from to 200 i>ounds_ 


(VM‘ir>ilt*nt of 

Standatfl 

ropreshion 

error 

~() («).•) 

0 070 

on 

.(KH) i 

[ 155 

.OSfl ; 

1 i:io 

0 H6 


Kstiinato of 
genetic portion 
of variance ‘ 


0 It 

n 

•Jii 


• since these estimates were calculated on an intra inhre<i-line basis they refer to the aveiugt* gcoietie iioi tion 
of variance within the inbred lines. E.stimates of the average genetic; portion of the vaiinnce witnin the 
outbred stocks from which the lines were started w'ould t>e somewhat higl>cr. 


enough to ])e statistically significant. However, the regression co¬ 
efficients for both measures of postweaning growth are larger than 
those for weaning weiglit and 180-day weight. The differences 
between them and the coefficient for weaning weight are statistically 
significant. The negative sign of the coefficient for weaning weight 
can hardly have any biological significance. It must have arisen from 
random variation. 

The accuracy with which 180-day w^eighl of offspring was predicted 
by different measures of the growth rate of their dams was compared 
by calculating the amount of variation in 180-day weight of offspring 
associated with variation in the various measures of dam^s growth. 
The sum of squares for 180-day w'eight of offspring was 04,972. 
Regression on 180-day weight of dam accounted for 301 of this total. 
Comparable figures for regression on rate of gain from weaning to 200 
pounds and on rate of gain from 50 to 200 pounds of the dam were 
898 and 1,714 respectively. The differences among these 3 figures 
were not statistically significant. It is, however, entirely conceivable 
that postweaning growth rate of dams actually predicts 180-day 
weight of offspring more accurately than does 180-aay weight of dams. 
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DISCUSSION 

The evidence presented indicates that the pigs studied did not 
receive optimum nutrition during at least a part of the suckling period. 
This, together with data reported by Donald (5, 7) and Bonsma 

and Oosthuizen {1) on the inequality of nutritional opportunity both 
within and between litters, leads to the conclusion that weaning 
weight can be but a poor criterion of inherited ability to grow. Bv« 
waters^ (S) estimate of the proportion of variance in weaning weight 
that is additively genetic (4 percent) and the regression of offspring on 
dam for weaning weight herein reported support this conclusion. 
Weight at weaning is a part of 180-day weight. The correlations 
between weaning weight and rate of gain from weaning on for the 
Iceland China swine (table 3) are larger than would result from 
genetic causes alone. This means that heavy w^eaning pigs have 
gained more in the period from 56 days on as a result of being heavier 
at the beginning of that period. Thus weaning weight affects 180-day 
weight in two ways, (1) it is itself a part of 180-day weight and (2) It 
is directly responsible for a part of the variation m weight gained in 
the period from 56 to 180 days. It is apparent that if postweaning 
growth is more heritable than w^eaning weight, it must also be more 
heritable than 180-day weight. The data indicate that postweaning 
growth rate is more heritable than weaning weight and, as expected, 
180-(lay w^eight falls between them in this respect. However, the 
true difference between the heritability of postweaning growth and 
180-day weight is probably not as large as here estimated since the 
true regression for weaning weight must actually be positive though 
small. 

It could bo logically argued that 180-day w^eight or rate of gain from 
birth to market weight should be used for selection since they measure 
wdiat is actually concerned in the production of market hogs. On the 
other hand, then' is a strong possibility that postweaning growth rate 
is a Ix'tter mi'asuie of ability to grow' prior to weaning than weaning 
w'cight itself. This could bi' true if the genes affecting growth have 
somew'hat the same relative effect before and after w'eaning. It w'ould 
not necessarily lx* true if part of the genes for growth wrere specific for 
short p(‘riods of the animars life. There is evi<lence for the former 
situation in the fact that 180-day weight of offspring is predicted more 
accurately in the data studied by postweaning growth rate of dam 
than by 180-(lay w'eight of dam. 

The correlations betwreen weaning w'cight and the two measures of 
post weaning grow'th have been discussed wdth regard to the channels 
of relationship wdiich contribute to them. The conclusion appears 
justified that rate of gain from 50 to 200 pounds is biased in favor of 
light w'caning pigs while rate of gain from w^eaning to 200 pounds prob¬ 
ably tends to favor heavy w'caners. The latter would be more useful 
in selection because it is desirable to favor heavy weaning weights if it 
can be done without sacrificing something else. Even though weaning 
weight were entirely independent of the pig’s genotype it shoidd get 
some emphasis as a means of selecting for heavy milking qualities in 
the dam. 

In these data 180-day weight of offspring was not predicted as well 
by dams’ rate of gain from w^eanin^ to 200 pounds as by dams’ rate of 
gain from 50 to 200 pounds. This probably resulted from the fact 
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that there was a negative correlation between the weaning weight of 
dam and offspring, which it is to be remembered was probably mrtui- 
tous. On the average this correlation should be positive though small. 
In that case rate of gain from weaning to 200 pounds would probably 
predict 180-day weight of offspring slightly more accurately than 
rate of gain from 50 to 200 pounds. 

CONCLUSIONS 

Nutrition of pigs prior to weaning is not optimum, nor is it equal for 
all individuals. If this situation could be corrected bjr a suitable- 
method of supplementary feeding during the suckling period, the heri- 
tability of weaning and 180-day weights should be increased. The 
evidence indicates that with present feeding methods measures of 
postweaning growth will be more useful in selection for growth rat(' 
in swine than measures of growth rate embracing the entire period 
from birth to market weight. It can be tentatively eon(‘lud('d that 
since the two postweaning growth rates described appear to be equally 
heritable, rate of gain from weaning to 200 pounds should give b(»tt(T 
results because it favors the heavy weaning pig. 
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PRODUCTION OF ACTIVE AND INACTIVE CATALASE BY 
PROTEUS VULGARIS ^ 

By T. L. Swenson, directorj and Harhy Humfeld, microbiologist, Western 

Regional Research Laboratory^ Bureau of Agricultural Chemistry and Engineering^ 

Agricultural Research Administration^ United States Department of Agriculture^ 

INTRODUCTION 

Considerable general information on the production of catalase 
by micro-organisms is available. As a rule, the reports discuss the 
production of catalase by different species of bacteria and fungi, with¬ 
out giving mucli specific information regarding its production under 
various conditions and at different stages of growth. 

The existence of catalas(* in an inactive state has long been recog¬ 
nized. Batclli and Stern (4) ^ inactivated the catalase in preparations 
from liver by shaking them in air; reactivation was brought about by 
the subsequent addition of small quantities of alcohol. Balls and 
Hale (3) found that the catalase activity of extract from hog liver 
could be greatly increased by the addition of substances containing 
S S groups, such as cystine and oxidized glutathione. However, not 
all liver pn'parations r(*acted in this way. An apparent increase in 
catalase could be produced by the same means in extracts of various 
grains and in cultures of several micro-organisms. 

The mod(' of action of these activators is not evident. Their effect 
may be due to surface action, to the removal of inhibiting substances, 
or to a change in the enzyme itself, as the completion of some step in 
the chain of n^actions leading to the decomposition of hydn)gen 
peroxid(‘. The res(‘ar(‘li of Keiliri and Hartrce {26, 27) indicates that 
the active' catalyst is an oxidized form. Oxidants such as S~S com¬ 
pounds may conceivably alter an equilibrium in the crude catalase 
preparations in favor of the oxidized form. 

Rec('ntly Stern and Wyckotf (^6, 47) ultracentiifuged catalase 
extractions from horse liver and obtained an extnunely active fraction 
that had k values from 11,700 to 161,000. Sumner and Doimce 
{4H, 4^y 50) extracted beef liver with dilute dioxane and then precipi¬ 
tated the catalase wdthmore concentrated dioxane, finally obtaining a 
crystalline fraction that they believed to be pure catalase. This 
fi action contained O.l percent of Fe, had an isoelectric point of 5.7, 
and according to Sumner and (Iralen {51, 52), had a molecular weight 
of 248,000. 

Balls aiul Hale^ found that a trichloracetic acid extract of lean heart 
muscle, made according to their own technique, activated fresh prepa¬ 
rations of catalase from one to five tinu's. Wlien used with aqueous 
suspensions of Proteus vulgaris this extract produced activations of 
about tlu' same order. The authors found that cholesterinized 
antigen, made according to the technique reported by Kolmer {SO), 
activates catalase, 

» Hm'ivod for publiefttion April 7, 1942, 
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The investigations reported here w(Te con<lucted with a single cul¬ 
ture of Proteus vulgaris to determine the quantitative variations that 
occur (1) in the active and activable catalase during a fairly complete 
growth cycle, and (2) in the effects of various activators on activable 
catalase "when time, temperature, and oxygen concentration arc 
varied and when cell death occurs. 

REVIEW OF LITERATURE 

The powcu* of bacteria to decompose hydrogen peroxide was first 
observed in 1893 and was independently reported by Beijerinck (6) 
and by Gottstein (/^). Loew (33) in 1901 announced the discovery 
of a new enzyme, which destroys hydrogen peroxide, with the libera¬ 
tion of free oxygen. This enzyme, which is of gcuieral occurrence in 
plants, he named catalase. 

This discovery stimulated other investigators in tht» field of micro¬ 
biology to study catalase production by bacteria, yeasts, and fungi. 
Catalase is now recognized as one of the most widespread of all known 
ferments, and its behavior has been invcistigated in great detail. In 
1903 Bach and Chodat (7) reported its presence in Sferigmafocysfis 
nigra. In the same year Lowenstein (34) r(‘port,i‘d that he was unable 
to find catalase in cultures of the tetanus organism. In 1904 and 
1905 Issajew (77, IS) found in yeast a catalase that be could (»xtract 
with glycerol and precipitate with alcohol. Orla-J(‘ns(m in 1907 
reacljcd the conclusion that catalase is not commonlv found in the 
anaerobic butyric acid bacteria {40)- This was sul>stantiated by 
Virtanen in 1925, when he reported also that catalase* was not present 
in the true lactic acid or propionic acid bacUu-ia (54)* 

In 1907 R^^wosch and Rywosch ( 42 ) made a study of the production 
of oxygen from hydrogen peroxide by bacteria, yeasts, and fungi. 
They found that the quantity ranged from as much as 7.0 cc. per mg. 
produced by a species of Sarcina to nojie by species of Clostridium, 
The next year, 1908, Jorns studied 90 strains of bacteria and actinomy- 
cetes and arranged tliem accordbig to the (luantity of catalase produceil 
(25), He found that the greatest c|uantity was nroiluced by liacterium 
prodigiosum. In 1909 Pringsheim determined the quantity of catalase 
produced by a number of different fungi (^7). 

In 1910 Dox found that many species of PeniviUium and Aspergillus 
contain catalase in varying (juantities (,9). It is first present in th(‘ 
intracellular form, and then as the cullures become older it diffuses 
into the medium. 

In 1918 and 1919 «Jacoby studied the catalase extracted from 
Proteus vulgaris by treatment with ammonium sulfate and with methyl 
alcohol (21, 22, 23). When he tested the decomposition of hydrogen 
peroxide by the catalase extract at different pll and hydrogen peroxide 
values he found that although in some cases the k value remained 
constant during the course of hydrogen peroxide decomposition, in 
other cases it increased and in still others it decreased. 

He later (24) mcjisured the composition of hydrogen peroxide by 
64 cultures of normal strains of Proteus vulgaris and by 7 cultures of 
the x-strain. He found that whereas the nonnal strains decomposed 
an average of 81.6 percent, only 5 cultures falling below 50 percent, 
the 7 cultures of the x-strain averaged only 31.5 percent, 6 of these 
falling below 50 percent. In 1923 Hagihara (13) determined the 
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content of nitrogen and of aah and the dry weight of purified catalase 
from the P. vulgaris cultures used by Jacoby. 

In 1923 Callow {8) observed that the anaerobes and the streptococci 
alone are free from catalase, while McLeod and Gordon {S6) reported 
that it is present in the facultative anaerobes but absent in the obligate. 
The same authors made the interesting observation that the pneu¬ 
mococci inhibit their own growth by the formation of hydrogen 
peroxide. In 1923 Ohtsubo (S5), in a study of catalase production by 
164 strains of 11 species of bacteria, observed variable results from the 
same species. In 1925, Burnet (7) found catalase in four species of 
bacteria but failed to find any in Streptococcus hemolyticus. Kluyver 
(^9) in 1924 stated that no catalase is produced by (Clostridium putri- 
ficum. In the same year, Stapj) (45) reported finding catalase in all 
bacteria except the streptococci, more being produced by bacteria 
cultivated under aerobic conditions than by those grown anaerobically. 
In 1925 VirUinen and Kai-strom reported that 15 different species of 
Imcleria investigated produced catalase (65). They found that 
Bacterium pyocyaneum and Bacterium lactic amari produced more 
catalase when cultivated anaerobically than under aerobic conditions. 

In 192() Hooft reported that all species of acetic acid bacteria, with 
the exception of Acetobacter peroxydans, produce catalase (16*). 
Kirchner and Nagell in 1926 found that strains of gonococci contained 
about 3 times as much catalase as straphylococci, which in turn 
contained about 10 times as much as Bacterium coli {28). Sherman 
(44) in 1926 and Van Niel (38) in 1928 noted the presence of large 
C|uantitie8 of catalase in propionic acid bacteria. 

According to a report of Virtanen and Winter (56*) published in 
1928, the production of catalase by Bacterium coli is independent of 
the pH of the medium and the low catalase content observed in media 
containing glucose may be attributed to the production of strong acid, 
which causes the death of many of the cells, B. coli grown in strongly 
oxygenated media produced more catalase than when grown on 
oxygen-free media. 

In 1928 Fernandez and Garmendia (11) stated that the production 
of catalase by Bacterium C(pH increases or decreases according to the 
media. They concluded that a classification of strains on the basis 
of (‘nlalase production is impossible. 

Itano and Arakawa (19) found in 1928 that a culture of Clostridium 
thermocellum and a thermophilic cellulose-fermenting bacterium 
isolated by Itano had maximum catalase activity when the culture was 
72 hours old. The velocity of reaction decreased on standing, appar¬ 
ently because of the destruction of the enzyme. 

Iwanoff, Dodonowa, and Tschastuchin reported in 1930 that the 
fruiting bodies of the mushrooms Psalliota campestris, Lepiota procera, 
and Coprinus radiatus contain the enzymes maltase, glycogenase, 
amylase, protease, and catalase (20). Maximum quantities were 
found at full maturation. 

In 1931 Wolfson reported that certain dyes had an inhibiting uiflu- 
ence on the formation of catalase by bacteria (57). The effect was 
rnoi’e pronounced on the Gram-negative types than on the Gram¬ 
positive. 

The catalase activity of Azotobacter is relatively insensible to acidity 
and high temperatures, according to the report of Burk, Homer, and 
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Lineweavor {6) published in 1932. The optiimim for catalase produc¬ 
tion was found to be a neutral medium. 

In 1933 Matsuyama found that bubbling air through cultures of 
yeast dirring the nrst stages of growth increased the catalase activity 

Striking variations in catalase in representatives of the genus 
Propionibackrium was noted by Hitchner (16) in 1934. Talce-Niedra 
reported in 1936 that certain strains of the Streptoccocus lactis group 
produce catalase (53). When these were cultured anaerobically, 
however, the catalase production was low. 

In 1937 Edwards and Newton reported that when peptone was the 
sole source of nitrogen in the medium used to grow Rhizoctonia solani, 
catalase was high, whereas when gelatin, potassium nitrate, ammo¬ 
nium sulfate, or urea was used the catalase activity was low {10). 
In 1938 Kirshnan reported that he was unable to detect catalase 
in cidtures of Nitrosomonas {S2). 

Hayasida in 1938 found very strong catalase activity in 
Fusarium. He states that this genus contains enzymic systems which 
affect true alcoholic fermentations of hexoses, being similar to yetists 
in that respect. 

In 1940 Van Schouwemburg (43) found that the catalase content of 
all species of luminous bacteria studied produced catalase. He d(d(T- 
mined catalase production by measuring the quantity of oxygen 
produced from hydrogen peroxide in the Warbiu'g apparatus. 

This review of the literature seems to indicate a conflict in the find¬ 
ings of the different investigators. The conflict may be more apparent 
than real, however, as environmental conditions also appear to have 
considerable influence on the production of (‘atalase by micro-organ¬ 
isms. Therefore, in order to classify organisms on the basis of cat alase 
production, it would be necessar}^ to determine the effect of th(‘ environ¬ 
ment on each species or group of species. Nevertheless McLeod and 
Gordon (So) in 1923 proposed to divide bacteria into the following 
four groups: 

1. The anacro}>es. These are devoid of catalase, extremely sensitive to HsOa, 
and potentially peroxide producers. 

2. Peroxide prod\icers. These are devoid of catalase and only moderately 
sensitive to H 2 OV. In this grouj) are the pneuniococci, many types of strejjtocoeci, 
the lactic acid bacteria, and some sareina. 

3. Nonperoxide i)roducers. These arc devoid of catalase. This grotip includes 
certain streptococci, dysentery baccilli (Shiga type), and some hemoglobinoj)hilic 
bacteria. 

4. Catalase producers. This group includes tlie majority of the bacteria grow¬ 
ing aerobically and also the facultative anaerolx's. 

PROCEDURE 
BACTERIOLOGICAL METHODS 

A cultm’e of Proteus vulgaris that had shown remarkable ability to 
produce both active and activable catalase was used throughout this 
investigation. 

Since preliminary work had indicated that the quantity of catalase 
produced on agar slants was greater than that produced in nutrient- 
broth cultures, agar slants were employed. The greater production 
on agar slants may be attributed to the more favorable* oxidizing 
conditions on the slants. 
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The nutrient agar used as culture medium was made as follows; 


Beef extract (Liebig).... 5 gm. 

Sodium chloride_ _____ 5 gm. 

Peptone (Armour)-- , ___ -_ _ 10 gm. 

Distilled water. _ _ _ . . - 1,000 ml. 

Agar._._ ____ ___ 15 gm. 


The ingi-edients were boiled for 20 minutes and made up to the 
original volume with distilled water; 1.5 perctmt of gramdar bacto-agar 
(Difco) was then added, and the preparation was steamed until the 
agar was melted. The medium was then adjusted to pH 7.3 colori- 
metrically and filtered through a glycerin filter paper. It was tubed 
in 10-ml. aliquots by means of a volumetric pipette. The tubes were 
plugged and sterilized at 15 pounds pressure for 40 minutes. The final 
pH aft('r sterilization was 7.0, the optimxim for catalase reactions. 

For the agar slants, 20- by 150-mm. culture tubes were selected on 
the basis of unifonnity of inside diameter to insure the same OTowth 
surface in each tube. All tubes were slanted at the same angle. In 
addition to the agar slants, two lots of water blanks consisting of 10 
ml. each of buffer solution (0.2 molar phosphate, pH 7.0) were made 
and sterilized. A s<>cond series of blanks consistiiig of 9 ml. each of 
distilled water was prepared with each batch of the medium. 

A 24-hour agar slant of the organism (Proteus vulgaris) was used for 
seeding the slants. The growth on this slant was washed off and 
suspended in 10 ml. of the sterile buffer solution. One milliliter of the 
bufiVr suspension was mixed with a 99-ml. sterile W'ater blank, and the 
8(‘eding for the entire e.xperiment was made from this dilution. Seed¬ 
ing was accomplished by dropping 0.1 ml. of this diluted buffer sus¬ 
pension on the upper end of the slant and allowing it to flow down over 
the surface, hi order to ininimizi’ the possibility of a lag or death 
phase because of tempcraturi* differences, all tubes of agar and water 
blanks were kept in the incubator for 18 hours before inoculation. All 
bacteriological plate counts were made after 48 hours’ incubation at 
37.5° C. 

A sufficient number of agar slants were seeded to provide two for 
each determination from the initial inoculation up to and including the 
final determination. Tlu' time interval between determinations is 
given in the data for each e.\periment. 

Determinations wore made at the. time of the initial inoculation and 
then every hour for 24 hours, then eveiy 4 hours up to 40 hours, and 
then at 48, 52, 72, 90, and 120 hours, respectively. The same determi¬ 
nations were made for active catalase and catalase after activation 
with calf-heart e.xtract and with Kolmer antigen. 

In addition to the growth slants, three unshinted tubes were pro¬ 
vided for plate counts. At tin* time of each analysis the cultures for 
that particular analysis were w<ished from the two agar surfaces and 
suspended together in 10 ml. of buffer solution. One ml. of this sus¬ 
pension W'as then transferred to a 9-ml. sterile w’ater blank, and this 
m turn was further diluted for the plate count. Plates were poured 
in triplicate, and 10 ml. of agar was added to each plate containing 
the dilution of organisms, thus assuring identical conditions in each 
plate. The catalase determinations were made from the remaining 
9 ml. of buffer suspension. 
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CATALASE DETERMINATIONS 

The procedure of Balls and Hale (2, 3) was used for the determina¬ 
tion of catalase. The technique was as follows: 

The surface growth of organisms on two tubes was washed off and 
suspended in 10 ml. of buffer solution. Two milliliters of this sus¬ 
pension was mixed with 1 ml. of buffer solution and 1 ml. of ice- 
chilled distilled water (previously boiled to expel air). Two millUiters 
of this mixture, equivalent to one-fifth of the enzyme material on one 
slant, was then add<*d to the hydrogen peroxide for determination of 
the active catalase.® The activable catalase was determined by in¬ 
cubating 2 ml. of the same buffer mixture with 1 ml. of enzyme activa¬ 
tor and 1 ml. of phosphate buffer (pH 7.0) for 10 minutes before mixing 
with the hydrogen pi'roxide for analysis. 

The quantity of catalase used was sufficu'iit to decompose at least 
half th(' peroxide in O to 7 minutes. It was pipetted into a stoppered 
cylinder containing 1 ml. of 0.2 normal hydrogen peroxide," 4-3 ml. 
of 0.2 molar phosphate buffer (pH 7.0), and approxiraat(*ly 1 gm. of 
freshly dissolvial dextrose in sufficient wati'r to make, with the added 
catalase, a total volume' of .'iO ml. The cylinder and contents were 
previously cooled in an ice bath. After addition of the catalase, the 
cyliiide'r was shaken and rcplac(*d in the ice. As soon as convenient 
a 10-ml. ali<|uot was pipetted (with a rapidly flowing pipette) into a 
flask containing 20 ml. of 2 normal sulfuric acid and 5 drops of a satu¬ 
rated water solution of inolyhdic acid. Ten milliliters of lO-perceiit 
potassium iodide was added at once, and the conti'iits of tlu' flask wi're 
allowed to stand about 4 minutes, aft<*r v\hich the liberated iodine was 
titrated in the usual manner with 0.01 normal thiosulfate. 

Another 10-ml. aliquot was taken in about 2 minutes and a third in 
about o minutes. The time is rather at the discretion of the operator, 
who must know something of the strength of his preparation. The 
moment when the delivery pipetti* is half empty is noted on a stop 
watch in each case. The fimt titration used at the start of tlu* expi'ri- 
ment gives the initial concentration of peroxidi* («). The subseqiu'iit 
titrations give the peroxide remaining (a-/) at the time (f) of observa¬ 
tion. Substitution in the usual formula, lit \o^ ala-x=k, gives the 
monomolecular constant, which varies directly with the quantity of 
the enzjTne and can be used as a unit for measuring the enzynu'. 

Small variations in the hydrogen peroxiih' concentration do not 
affect the results, and since the value of k depends on a ratio, the exact 
standardization of thiosulfate and peroxide is unnecessary, but the 
reagents should be of approximately the specified concentrations. 
Excusable variations from the average value of k by this method would 
seem to be about 10 percent. 

«It was found that the most consistent results were obtained If the iJ-ml sami>lo was taken as soon as tlie 
mixture was complete. 

«The hydrogen )>ero\ide used should be free of the pn*servatives ordinarily added to Btabllljto it. The 
writers prepared their own. Exactly 7.K0 gin. of the Ix'si sodium iM‘roxide obtainable was added, little by 
little, with stirring, to 1 liter of w'atcr at containing ,'*4.4 gm of the purest potassium acid phosnhat 4 > 
(KHj FO 4 ). Practically no evolution of oxygen occurred. Aft(*r the sodium tieroxide is di.ssolve(l. the 
solution should have a pH value of 7.fF7.l. It contains 0.2 normal hydrogen peroxide and 0.2molar {ihos- 
phate hulTcr. At a low temperature this stock solution keeps fairly well. 
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RESULTS 

COMPARISON OF POPULATION AND CATALASE ACTIVITY AT VARIOUS TIME 

INTERVALS 

The curves obtained plotting the number of bacteria per milli¬ 
liter against the time of incubation of the organism and the k values 
against the age of the culture are shown in figure 1. 



AGE OF CULTURE (hours) 

Fig r RE 1.— A, ruuiiber of viable cells of Proteus vulgaris; 7i, catalase produced 
with no treatment; C, catalase produced after treatment with call-heart ex¬ 
tract; /), catalase produced after treatment with Kolmer's antigen. 
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The bacterial population cui've in general follows a normal course 
in conformity with usual theoretical growth curves. The peak was 
reached at 16 hours, after which there was a rapid decrease to 70,000 
per milliliter at 22 hours, then a more gradual decrease to 11,000 at 
120 hours. 

The quantity of active catalase was practically negligible until after 
9 hours; that is, during the lag phase of the growth of the organism, 
no appreciable quantity of active catalase was present. The quantity 
of active* catalase then increased gradually until a maximum was 
reached at 21 hours, which was several hours after the peak was reached 
in the bacterial population. After this the quantity fluctuated more 
or less irregularly, being only slightly lower at 120 hours. In general, 
the activated catalase, both that activated by treatment with calf- 
heart extract and with Kolmer antigen, followed the same course as 
the active catalase, except that the quantity of the activated form was 
considerably greater. The average k value* for active catalase was 
0.02856, for catalase activated by calf-heart extract it was 0.05831, 
and for catalase activated by Kolmer antigen it was 0.12572. If it is 
assumed that tlie activator did not affect the active catalase* pre,*se'nt, 
then the treatment with calf-he^ai't extract activateel as much catalase 
as was originally active*. The calculate'd ratio was 1:1.04. The 
Kolmer antigen was considerablv more effective. The ratio in this 
case was 1:3.40; that is, nearly 3^2 times as much catalase was 
activated as was originally active. 

EFFECT OF OXYGEN ON NUMBEU OF VIABLE ('ELLS AND ON CATALASE 

It seems probable that the oxyge*n in the culture tubes was depleted 
during the pe^riod of most active growth and that the* lack of oxygon 
then caused a rayiid decrease in the number of viable organisms. The 
curve for active catalase (fig. 1) .shows a stead}^ increase from 9 to 21 
hours, indicating a lack of correspondence between the greatest rote 
of growth of the organism and maximum jiroduction of catalase. The 
following experiment was conducted to determine the efr(*ct of oxyg(*n 
on the number of bacteria and on the production of catalase. 

The cultures of Proteus vulgaris w<*re first incubated on U-tube 
agar slants. The tubes were kept under optimum conditions for It) 
hours and then subjected to the respective percentages of oxyp'n for 
2 hours. Each arm of the tube had a side outlet. An oxygen-nitrogen 
gas mixture was^ allowed to flow into one side arm, passc^d over tlx* 
surface growth on the agar slant, and then out through the opposite 
side aim. Oxvgen concentrations of 0, 10, 25, 50, 75, and 100 percent 
were used. The total bacterial population, quantity of active catalase, 
and quantity of catalase present after activation witli Kolmer antigen 
then were determined. 

The k values were calculated by the usual formula, and ki values 
were calculated by multiplying the k value by the factor 10® and then 
dividing by the number of viable cells in the bacterial population. 

The results, shown in table 1, indicate that the production of 
catalase, active and activable, by Proteus tmlgaris was stimulated by 
oxygen and that there was an increase in the quantity produced up to 
and including a concentration of 75 percent of oxygen. When a con¬ 
centration of 100 percent of oxygen was used, there was a marked 
decrease. The calculated ki values, that is, the catalase produced 
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per coll, show the marked increase up to 7«*> percent of oxygen and then 
the rapid decrease at 100 percent. 

Table 1.— Effect of free oxygen on the production of catalase by Proteus vulgaris 


OxyRcn 

(fK^reent) 

Actlvo 

catalase 

Activated 

catalase 

Ratio of 
active to 
activated 
catala.se 

Active 

catEdatM^ 

Activated 

catalase 

0 .... 

k vnhit 
O.OMl 

k value 

0 0248 

1:(). 70 

ki value 

2 .01 i 

ki value 
3.54 

1(1-. . 

, 0355 

. isra 

1:2.84 

! 2,53 

9.72 

25. .. _. 

' .0229 

.110» 

1:3 84 

I 3 81 1 

18 40 

60. 

.0442 

. 1805 

1:3.21 

! 4.91 1 

20.70 

75 

0333 

1054 

1:3 90 

! 8 32 

41 30 

KM) 

mn 

0338 

1:2.71 

; 2 27 ' 

8.45 


The ratio of active catalase to activable catalase shows that between 
10 and 75 percent of oxygen the increases in th<^ two forms of catalase 
approximately paralhd each other, that is, the ratio varies only 15 
percent, whereas both 0-percont and 100-percent concentrations of 
oxygen seem to b(‘ dc'triinental to catalase production. The chief 
etf(‘ct of increasing the concentration of oxygen from 10 to 75 percent 
was on the number of viable cells. This is illustrated by the consistent 
change in k values, which is dependent on the catalase concentration 
and, therefon*, on the number of living cells. 

EFFECT OF TEMPERATURE ON THE RATE OF ACTIVATION 

Activation of the inactive catalase at 0° and at 37.5° C. W’as com¬ 
pared. Kolmer’s antigen was used as the activator. Rates were 
determined at th(‘ start and after 1, 5, 7, 10, 20, 30, and 00 minutes. 
The k values were calculated at the end of each of these time intervals. 
The results are given in table 2. 

Table 2. —Effect of temperature on rate of activation 


Tinu* 

Activation at |l 

Tune 

1 Activation at— i 

(minutes 1 


_ I j 

(minutes) 

! 

_ ! 


0 ’ (\ 

~ 'i! 

37 5'^ r .! 

___ii 

1 o‘' r 

37.5*’ C 1 

. 

i 

k t'ulurs 

kialu€* || 


I k val ucK 

k ralutit 1 

0 . ! 

0 0373 

0 0324 j 

10 - 


: .0352 

1 

0390 

0734 ' 

20 .. 


; 0202 

5 . 1 

0382 

1 . 08 tr 2 1 , 

:io 

0354 

' 

7 

o;«Mi 

1 .0«W7 

00 -- 

. .MOO 



From the figures in table 2 two points are evident: (1) At 0° C. 
(uizymc activity remained approximately constant; and (2) at 37.5° 
it inert'ased rapidly, reaching the highest rate at 5 minutes and then 
declining until at 20 minutes it w^as Iowtt than the initial rate, thus 
indicating destruction of the catalase at the higher temperature. 

EFFECT OF DESTRUCTION OF THE CELL ON CATALASE PRODUCTION AND 

ACTIVATION 

The diirerence between activability at 0° and at 37.5° C, su^ests 
that activation may be closely connected with the metabolic activity 
of the cell. This indication" is further supported by the following 
experiments. 
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A suspension of Proteus vulgaris was made from an apar slant as 
previously describ(Kl. The nun^ber of viable colls in the lO-irl. 
buffer suspension was found in the usual manner, and the total active 
and activable catalase was determined. This required 3 ml. of the 
suspension. The remaining 7 ml. was then centriluged at high spiked 
for 15 minutes, and the supernatant liquor discarded. The cellular 
precipitate was resuspended in accdoiu' at 37.5° C. and stirred for 15 
minutes. It then was centrifuged to removt* the acetone. The 
acetone w^as discarded, and the cell precipitate suspended in 7 ml. of 
buffer water. The number of viable cells and the total quantities of 
active atid activated catalases WTre determined. The rt'sults wwe: 

Sample 1 .—Viable cells ])er milliliter before treatment, 20,000,000; after treat¬ 
ment, 310,000. k value of the active catalase before treatment, 0.0113; after 
treatment, 0.0133. k value of the activated catalase before treatment, 0.0504; 
after treatment, 0.0117. 

Sample 2 .—Viable cells per milliliter before treatment, 40,000,000; after treat¬ 
ment, 500,000. k value of the active catalase before treatment, 0.0433; after 
treatment 0.0400. k value of the activated catalase before treatment, 0.1092; 
after treatment 0.0495. 

Th(‘ results show’ that the number of viable cells markedly decreased. 
The quantity of active catalase was not affected by the treatment, but 
the activable catalase was either destroyed or the. treatment used for 
activation w as not (‘ffective in the absence of viable cells. ''Fliis seems 
to be evidence that to b(‘ activated activable catalase must be in tlu' 
pres(‘nc(‘ of living cellular materiaL 

ABSENCE OF (’ELL-FREE C’ATALASE, EITHER AC’TIVE OR ACTIVABLE 

A suspension of c(‘lls containing catalas(‘ that showcnl good activa¬ 
tion w^as mixed wdth the proper quantity of activator and C(‘ntrifug(‘d 
at a high rate for 10 minutes (the usual p(»riod of activation). The 
supernatant liquor w as decanted, and the pivcipitate throwui down by 
centrifuging was ivsiispcuided in a buffer solution. Th(‘ active^ and the* 
activated catalase in the supernatant liquor and the activated catalase 
i/i th(i r(»suspend(Hl prc'cipitate Avi're determined. 

Th(‘ results were: Before centrifuging, the k value of the active 
catalase wns 0.0373; activat(‘d catalase, 0.0931. After centrifuging, 
the k value of iho active catalase of the suixunatant liquor w^as 0, as 
was also that of the activated catalase; the Ic value of the resuspended 
precipitate catalase, activated, was 0.0909. 

The results show^ clearly that neitlu^r the active nor the activated 
catalase was elaborated into the medium. This catalase, therefore, is 
in the ‘‘desmo’^ class. 

CONCLUSIONS 

From data presented here the following conclusions seem warranted: 

Proteus vulgaris produces catalase during all its growth, except in 
tho lag phase. 

Proteus mlgaris produces two forms of catalase, active and activable. 
The activable form can be changed to the active fonn by an activator. 
Kolmer's cholesterinized antigen, used as an activator, produced 
approximately a fourfold increase in active catalase. 

When the culture was treated with oxygen in concentrations up to 
100 percent, concentrations of oxygen up to 75 percent brought about 
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a progressive increase in catalase production. This may be attributed 
to the stimulating effect of oxygen on the number of viable cells. 

A study of activation at 0° C. as compared with that at 37.5° 
showed that no activation occurred at 0° up to 60 minutes, whereas 
marked activation occurred at 37.5° in 5 minutes. That there is a 
correlation between bacterial activity and rate of activation is offered 
as an explanation for this. Instability of the enzyme at the higher 
temperature was indicated by the decrease in activity after 8 minutes. 

The activable form of catalase cannot be extracted by acetone and 
therefore may be ri'garded as an integral part of the living cell, that 
is, a desmo enzyme. 

When the viable cells were destroyed, the activable catalase was 
either destroyed or could not be activate<l in the absence of viable cells. 
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AWN INHERITANCE IN BARLEY* 
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INTRODUCTION 

Awn inheritance in barley has long been of interest to barley geneti¬ 
cists. The awn or lemma projection on the barley spikelet shows many 
variations. Morphologically it is an extentioo of the vascular system 
of the lemma into a pointed appendage, which varies in different varie¬ 
ties from several iuehes in length to complete absence. These varia¬ 
tions give rise to the various awn types, long-awned, short-awned, 
awnletted, and awmless. Most 80-calle<l awnless varieties, such as 
Arlington Awmless and Englawnless, do show some awn development, 
particularly on the central spikelets. In some varieties the central 
spikelet is awaied while the lateral spikelets are awnless, as in most two- 
row and intermediate {Hordeum intermedinm) varieties. In six-row 
varieties the awns on the lateral spikelets are shorter than the central 
awns; they may be much reduced, or completely absent. Another 
variation in the lemma jnojection is the hood, in which the normal awn 
is replaced by a trifurcate structure. This hood, though commonly 
sessile, in ciTtain varieties is elevated to varying degrees at the end of 
an awii. 

REVIEW OF LITERATURE 


S(*veral investigators have published material on awn inheritance 
Their reports conflict somewhat, partly, at least, because certain dif¬ 
ficulties of classific.ation have tended to obscure the genetics. 

Englcdow^ studied rather extensivelv the awn inheritaiu^e in a 
cross between a fully awmed variety and Englawnless. Fluctuations in 
awn length, caused by (‘iivirontnent, complicated the problem of 
classification. Engledow’s awnless variety, when planted late, de¬ 
veloped up to one-half awns, w’^hereas single, late-forming heads on 
plants otherwise completely awnless often proiluced one-fourth to one- 
half awns. From Fa data Engledow concluded that awned vs. awnless 
must be due to two factors; but on checking in F3 he concluded that only 
one factor was involved. 

Kuckuck,* in reviewing the literature, cities work of Huber, who 
attributed awned vs. awmess to a single factor, the Fj being short 
awned, the F2 segregating 1 long-awned: 2 short-awned: 1 awnless.- 
Ubisch * reports a two-factor difference between long-awned and awn¬ 
less, the factor J producing long awns, the re(*essive / producing short 


’ Rwx*ivt*d for publication November 2B, 1941. ^ . w 

* Thanks are due Dr. F. N. BriKRs for furnishing raau»rial, adviw, and guidantre throughout the exptTi- 
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awns. A second factor S causes awnless, though Ubisch makes no 
statement concerning the interaction of J and *9. 

Miyake and Imai ^ (Complete translation by Hiro Taketaya, 
senior Japanese student at the Univemty of California) encountered 
much the same difficulty of classification as did Engledow. Their 
awnless variety developed short awns on late tillers. They reported a 
single-factor difference between long and short awns; a three-factor 
difference between a long-awned six-rowed variety and an awnless 
six-row(»d variety. Although they made three classes—long-awned, 
short-awned, and awmless—the awn types were bulked to show th(i 
tliree-factor difference. In a cross of their awnless six-rowed variety 
with a long-awned two-rowed variety, they concluded that the two- 
rowed variety had four dominant factors xiu An, A^, A^, for awn 
development, whereas the six-rowed awnless variety carried the re- 
cessives, ai, 02 , <* 3 , « 4 ‘ Here, again, all awn types were bulked, though 
the investigators made a separation of the classes, long-awned, 
short-awned, and awnless. No F 3 generation was grown to clu'ck 
F 2 phenotypes. 

Many wnrkers ^ have reported hooded vs. awuied as duo to a single 
factor. Miyake and Imai * attributed it to a single factor; but 
hooded vs. awnless in a cross of their six-row^ed awnless with a two- 
rowed hooded was reported as due to complementary factors. In this 
cross the segregation wns 9 hooded: 7 normal. The normal woultl 
presumably be awnless, but was not described by them. From the 
author^s experience (presented later), the segregates in F^ from a cross 
of awnless with hooded would include, besides hooded and awnless, 
three awn lengths. 

MATERIALS 

Four long-awned, one awuiless, and one hooded variety of barley 
{Hordeum vulgare L.) have been used in crosses thus far. The study of 
crosses involving other awn types is imder way. 

Atlas, the most important commercial variety of California, is a 
selection from Coast. It is a loiig-awmed, six-rowed, lax type. Black 
Hull-less is a long-awned, six-row^ed, lax, purple, naked type. ^In 
unnamed variety, C. I. No. 5628, is also a long-awned, six-row^ed, lax 
purple, naked type. Another variety, Redrachis, C. 1. No. 5649, is a 
two-row^ed, lax type, with long smooth awns and a red rachis. Awii- 
less, C. I. No. 5631, is an Atrada selection brought in by Dickson in 
1932 from Russia. This variety is truly awnless, developing no aw’us, 
regardless of planting date or environmental factors at Davis, Calif. 
In addition, it is auite dense, has a short, stiff straw and matures 
fairly early. Nepal, a hooded, six-rowed, lax, naked variety, was the 
parent used in studying hooded vs. aw^iless. Although these varieties 
differ in other characters, the contrasting characters reported in this 
paper are shown in table 1 . 

« Miyake, Kiichi, and Imai, Yoshitaka. genetic aTTmiKB m barley, i. Bol. Mag, [TokyoJ 3ft 25-:48. 
1922. [In Japanese. English resume, p. 27.] ' 

’ Robertson, D. W., W^isbe, O. a., and Immer, F. R. a summary or linkage stuwes in rakiey 
Amer. 8oc. Agron. Jour. 33:47-64. 1941. 

«See footnote 6. 
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Table 1. —Parent varieties used ifi the study of awn inheritance 


Parent variety 

C. I.i No. 

Contrasting characters 

Awn or hood typt^ 

Density 

1 Rows 

Awnless. 

5631 

Awnless. , - 

Dense.,. 

‘ 6 

Atlas.,,,--. 

4118 

Long'awned. 

. 


Black Hull-I(^. 

666 

. -do. 

.do. 

1 6 

Unnamed. 

5628 

. -do. 

.do. 

: 6 

Hedrachis...-. 

5649 

. -.do 

.do. 

1 2 

Nepal.- 

595 1 

Hooded. 

1 

.do. 

1 6 


» C. I. denotes accession number of the Division of Cereal Crops and Diseases, Bureau of Plant Industry 
U. 8. Department of Ajfriculture. 


EXPERIMENTAL RESULTS 

AWNED X AWNLESS 

The awii types as classified in F 2 of the cross Atlas X Awnless, 
showed 351 awned, 122 awTiletted, and 32 awnlcss, which suggests a 
12:3:1 ratio, although the fit is not satisfactory. The awnletted 
segregates had short awns on the central spikelets; and, though they 
varied somewhat, they tended to approach the awn t^e of Arlington 
Awrdess. A two-factor basis for awn inheritance is further indicated 
by 473 awned: 32 awnless, where 473.4: 31.6 were expected on the 
basis of a 15: 1 ratio, and thus almost a perfect fit. Fa rows of about 
30 plants each w('re growm, from which the Fj genotypes were deter- 
minwl. 

The classification system was expandi'd to take care of the many 
breeding types encountered in F 3 and to improve on the F 2 classifica¬ 
tion, which, as pointed out above, was not entirely satisfactory. In 
view of the exm*rience with awn shedding encountered in classifying 
Fj plants, the F 3 generation was classified wdiile the plants were stifl 
gi-een. A close study in F 3 revealed that plants formerly classed as 
long-awned could be divided into long- and short-awmed. This had 
been overlook<‘d in Fj because the actual length is influenced by head 
density (fig. 1 ). In very few cases were the lax plants as aw^^less as 
the awnlt >88 parent. The F 3 classification showed that the nine 
genotypes expected on the basis of two factors were present in about 
the expected numbers (table 2 ). The four homozygous typts— 
long-awned, short-awned, awidetted, and awidess—are showix in 
figure 1 . 


Table 2. —Aum segregation in Fz rows of Atlas X Awnless^ grown at Davis^ CtUif,^ 

in 1939 


TyjM> of segit^gation 

Genotype 

Observe<i 

Expected 

X* 

Uing-awned. 

LkULkiLki,.. 

43 

31.5 

4.196 

3 loiig>awned: 1 short-awned. . . 

LkLk hkilky.. 

65 

63.0 

.063 

3 long-awned: 1 awnletted. 

LktMLktLku -- 

57 

63.0 

.571 

All types. 

Lklk Lkilki . 

130 

126.0 

.127 

Short-awned. _ , 

LkU Ik'tlki . 

32 

31.5 

.008 

3 sliort-awned; 1 awnless. 

Lklk lkilki . 

53 

63.0 

1.587 

Awnletted-. .. 

IklkLkiLku. .. 

42 

31.5 

3.500 

3 awnletted* 1 awnless-. 

lklk Lkilki . 

55 

63.0 

1.016 

Awnlcss,... 

Iklklkilki . 

27 

31.5 i 

.643 

Total. 


504 

504.0 

11.718 
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The chi-square for the data in table 2 is 11.713, which gives a 
probability slightly below the 20-percent point. The two-factor ex¬ 
planation was further substantiated by a backcross of the Fj to Atlas, 
which yielded the table 3 data in F, as determined from the segregation 
in Fs rows. 



Figure 1. —The four true breeding awn types, long-awnod (44), short-awned {H)^ 
awriletted (C), and awnless (/)), as they appear on the lax and dense spikes, 
respectively. 


Table 3. —Awn segregation in of the backcross of Atlas X Amiless to Atlasy grown 

at Davis t Calif., in 


Type of seffreRaiion 

Genotype j Observed Kxi)ect<Ml 

1 

i X* 

j 

Long-awntnl . . 

LkLk LkiLki 1 « 7. 7H 

1 0.395 

3 loQK^wned: 1 short-avknecl 

LkLk Lkilki \ H 7.75 

; .(X)8 

3long-awned: 1 awnletted.. . 

Lktk LkiLki ! « 7.75 

1 .202 

All types... 

Lklk Lkilki j H 7.75 

1 .UOH 

Total- .. 

. 

.j si.n 31 (Id i 

1 1 

.613 


The four classes (table 3) expected in the backcross shoidd occur iu 
equal numbers. The chi»-square value of 0.613 shows an excellent fit 
to the expected, with a probability above 0.8. Atlas differs, therefore, 
from Awnless in two major dominant factors {LkLk LkiLki) for awn 
development, both of which are necessary for the development of long 
awns. One dominant, Lklku alone produces short awns, whereas the 
0her, IkLku gives the awnletted condition. 
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Additional data concerning awn inheritance are available from three 
other crosses, grown in part for other purposes. These will be con¬ 
sidered briefly. 

The first, Awnless X Black Bull-less, as classified in F 2 showed 
297 long-awned, 256 short-awned, 237 awnletted, and 39 awnless, 
where 466.3, 155.4, 155.4, and 51.8, respectively, were the numbers 
expected on the basis of two factors. Here, again, the poor fit was 
due to difficulties in classification. The awn in Balck Hull-less is 
somewhat longer than in Atlas although both are considered long- 
awned. The heterozygous types in this cross tended to be somewhat 
more intermediate than in the Atlas cross. Plants heterozygous for 
both factors were classified about equally in the long- and short- 
awn classes, a few’ being classified as awnletted, as later shown by the 
F 3 . Many plants heterozygous for long-awned and awnletted 
(Lklk, LkiLki) were classified as short-awned; and plants of the geno¬ 
type (Lklk, Ikilkt) which in F 3 segregate 3 short-awned: 1 awnless 
were often classified as awnletted. 

Four hundred rows of the F 3 generation of this cross were grown 
and classified. The Fj generation of those 400 plants showed 154 
long-awned, 122 short-awned, 108 awnletted, and 16 awmless, where 
225, 75, 75, and 25 were expeete<l. This is a very poor fit to the ex¬ 
pected 9:3:3 :1 ratio. The results form the F 3 classification are shown 
in table 4, and conform to expectations. 


Table 4. srgregalion in F% rows of Hlack Hull-less X Awnless, grown at 

Davis, Calif., in 1941 


Tyiie of st'proKation 

j (JonotyiH* 

Observed 

Exiiected 


Long-awn**<l . 

i LkLk IkiLki 

34 

2ft 

3.240 

3 l<jnR-awn«*(i: 1 shori-awnoti 

1 LkU Lkifki . 

49 

ftO 

.020 

1 lonK-awm‘d: 2 short awned. 1 awiilottotl 

' LklkLhLki 

49 

50 

.020 


! Lklk Lktlkx 

103 

100 

090 

Short-awnod . 

LkLkIkxlkx. 

1 29 

2a5 

640 

1 sdu)rt-awm*d* 2nwnlottfd 1 awnh*s.s 
AwnU'tiod 

1 Lklklkiikx 
lklk LkxLki 

39 

) 

i » 

2 420 

Hawnk'tti*d, 1 a\»tili‘s.s 

AwnUvss * 

1 lklk Lkxlki 
. 1 lU’ Ikilkx 

[ 

100 1 

.090 

Total — 


400 j 

400 { 

6.520 


The chi-square value of 6.52 shows a probability of between 0.3 
and 0.5. Thus the data in table 4 show clearly that in this, as in the 
Atlas cross, awn inheritance depends upon two factors. Plants 
heterozygous for loi)g-awnt*d and awnletted, though usually classified 
as short-awned, may be distinguished from homozygous short-awned 
plants because the awns on the central spikelets are coarser and tend 
to be mucli longer than the awiis on the lateral spikelets. 

Wlien the F 3 data are. used to corr<*ct the Fj classification, there are 
found to be 235 long-awned: 68 short-awned: 80 awnletted: 17 awnless, 
where 225: 75: 75: 25 are expecttnl, giving a P value greater than 0.2. 

An F* population of 496 plants of C. I. No. 5628 X Awnless was 
classified hi 1941 for awn inheritance. The author, having become 
more familiar with the heterozygous types from classifying the F 3 rowra 
of Black Hull-less X Awnless, was able to effect a satisfactory classi¬ 
fication in F* of this cross, making it unnecessary to grow tlie F 3 . 
The Fj data are shown in table 5. 







410 


Journal of Agricultural Research 


Vol. 64, No. 9 


Table 5. —Awn Begregation in Ft of the cross C, /. No, 5628 X AwnlesSt grown at 

Davis y Calif, y in 1941 


Phenotype 

Observed 

Expected 

X* 

Lonjr-awned. - -. ... - 

273 

279 

0.129 

Short-awned.- . . ..... -- . .. 

D9 

93 

,387 

Awnlettod . - . .. 

99 

i 93 

.387 

Awnless. -. 

25 

31 

1.161 

Total.. -- ... -- - 

496 

490 

2.064 


With a probability between 0.5 and 0.7, the data in table 5 agree 
with those for the two previously discussed crosses; and apparently 
C. I. No. 5628 carries the same awn factors as Atlas and Black Hull¬ 
less. 

An F 2 population of 352 plants in the cross of two-rowed, long- 
awned Redrachis X Awnless was grown in 1941. Since the hetero¬ 
zygous types must be identified from the difference in length of central 
and lateral spikelcts, it was not possible in this cross to separate these 
types. The F 2 plants were classified, accordingly, as awned or awnless; 
this system showed 323 awned: 29 awnless, giving a chi-square value 
of 2,375 and a probability between 0.1 and 0.2 for a 15:1 ratio. 
These results do not agree witli the results of Miyake and Imai,*^ who 
showed a four-factor difference between a six-rowed awnless and a two- 
rowed awned variety. The varieties used by them, however, are not 
the same varieties used in this study. 

HOODED X AWNLESH 

In the cross, hooded Nepal X Awnless, the F 2 segregation shows all 
the awn types that occur in the cross awned X awuiless, in addition to 
hooded segregates. 

The same difficulties were encountered in classifying this cross as in 
the previous crosses, density again affecting awn length. The awn- 
letted and awnless types were combined because of the difficulty of 
classification, particularly in F 2 populations. An F 2 population of 882 
plants yielded the results shown in table 6. 


Table 6 . —Segregation for hoodedy awnedy and awnless in the cross Nepal Y AwnlesSy 
grown at Davisy Calif, y in IO4O 


Phenotypes 

Dominant genes 

Observed 

Exi^cted 

x* 

Hooded. 
Long-awned . 
Short-awned 
Awn letted.. 
Awnless .. . 

..... 

LkLki K - . 

LkLkik .. .. 
Lklki (K, or k ).. 
IkLki iK, or k). . 

Iklki {K, or k) 

372 

109 

162 

} 239 

372.1 
124.0 
165.4 

220. 5 j 

0,000 
1. 815 
.070 

1.5.52 

Total. 

.. . _ _ . _ . _ _ _ _ 


882 

882.0 

3.437 

1 



The chi-square for the data in table 6 is 3.437, which gives a probabil¬ 
ity between 0.3 and 0.5. TWs explanation assumes that both factors 
for awn development must be present before a hood can develop, and 
agrees with the previous explanation for awn inheritance. In this 
cross, Nepal carries both factors for awn development in addition to 

* See footnote 6. 
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the hood factor, which masks awn development. This explanation 
differs from the results reported by Miyake and Imai “ from a cross of 
their six-rowd awnless X two-row hooded. They report comple¬ 
mentary factors for hooded vs. normal, with hooded dominant. 

The Fs generation of this cross was planted in the fall of 1940, and 
416 rows were classified in the spring of 1941. Table 7 shows the 
results of the F 3 classification. 


Table 7.— Segregation in F, rows for hooded, owned, and awnless in the cross Nepcd 
X Awniess, grown at Davis, Calif., in 1941 


Type of segregation 


Hooded. . ..... - ... 

3 hooded: 1 long-awned.. .. 

3 hooded: 1 short-awned. . 

3 hooded; 1 awnletted. 

9 hooded: 3 long-awned: 4 short-awnerl _ 

9 hooded: 3 long-awned: 4 awnletted . __ 

9 hoixled; 3 short-awned. 3 awnletted: 1 awn less 
27 hooded: 9 long-awned: 12 short-awned. 12 
awnletted: 1 awniess. 

Long-awned.. .... 

3 long-awned. 1 short-awned. . 

3 long-awned: 1 awnletted 
9 long-awned 3 short-awned 3 awnletted’ 1 
awniess 

8hort-awued. 


Genotype 


Observed 


Expected x* 


LkLk LkiTAi KK 
LkLk LkiLki Kk 
LkLk Lkitki KK.. 
Lklk LkiLki KK. 
LkLk Lkilkx Kk. . 
Lklk LkiLki Kk.. 
Lklk Lktlki KK 
Lklk Lkilki Kk. 


8 

14 

16 

20 

12 

16 

38 

60 


6.5 
13.0 
13.0 
13 0 
26.0 
26.0 
26.0 
52 0 


0.346 

.077 


7.638 


5 538 
.077 


LkLk LkiLki kk . 
LkLk Lkilki kk .. 
Lklk LkiLki kk . 
Lklk Lkilki kk . 

I KK 
Kk 

kk . . 


15 

22 

17 

25 

30 


6 5 
13 0 
13.0 
26.0 


26.0 


11.115 

6.231 

1.231 


.615 


3 short-awned* 1 awniess 

Awnletted. 

3 awnletted: 1 awnU‘s.s 
Awniess . _ .. 

Total . . 


{ KK 
Kk.. 
kk 

I lUk LkiLkAKk 

, [kk ... 

I KK 
Kk 
kk . 

i KK 

Kk. .. 

kk 


I 


:i9 

29 

43 


22 

416 ' I 


52.0 
20.0 
52 0 
26.0 
416.0 


3.250 

.346 

1.558 

.615 

40.882 


The chi square for the data hi table 7 shows a poor fit to the expected, 
with a F value below O.Ol. The homozygous long-awned rows, about 
which there could be little chance for error in classification, contribute 
almost one-fourth of the total chi square. The number of plants per 
row was too small for accurate determination of such ratios as 9 hooded: 
8 long: 4 short; but the number of rows obtained is reasonably close to 
that expected. When the F2 was classified on the basis of F3, there were 
174 hooded, 79 long-awned, 69 short-awned, 72 awnletted, and 22 
awniess, where 175.5, 58.5, 78.0, 78.0, and 26.0 were expected if Nepal 
carries both awn factors in addition to the hooded factor. This gives 
a chi-square value of 9.312 and a P value between 0.05 and 0 . 1 . 

As the F 2 and F 3 data clearly show, Nepal differs from Awniess in 
111 the three factors LkLky LkiLku and KK^ and both dominant awn 
factors must be present for the expression of hoods. In several cases, 
however, a ‘^rudimentary hood’' developed on the short-awned and 
awnletted plants. In the short-awned plants it took the form of a 
flat, somewhat wider area in the awn, at which point the awn tended 
to bend or twist. In the awnletted plants it tended to cause a minute 
fork on the tip of a few of the awnletted central spikelets. These 


fo See footnote 6. 
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were not classed as hoods because they did not develop unlforndy and 
were much less numerous than would be expected on the basis of a 
reasonable genetic interpretation. 

SUMMARY 

Awn inheritance in the cross Atlas X Awnless was shown to be due 
to two factors, Lklk and Lk^lki. Long-awned plants carry both domi¬ 
nants. Short-awned plants have the first factor, Lk, dominant and 
the second, Lkj recessive. Awnletted plants have the first factor, 
Lk, recessive and the second, Lku dominant. Plants carrying both 
recessives are avmless. This two-factor e^lanation is also true in 
the crosses Black Hull-less X Awnless and C. I. No. 5628 X Amiless. 
In the two-rowed, long-awned, Redrachis X Awnless cross, a two- 
factor difference was shown with a 15:1 ratio. 

In the Nepal X Awnless cross it was shown that tln'se varieties 
differ by three factors for awm development. Nepal carries both awn 
factore, LkLk and LkiLki, besides the factor KK for hoo(l development. 
Awnless carries the three recessives. For the development of hootled 

S lants, both dominant awn factoi-s must be present in addition to the 
ood factor. Thus in F 2 the expected segregation is 27 hooded: 9 
long-awned: 12 short-aAvned: 12 awndetted: 4 avniless. Th(“ hood 
factor, KK, in a few cases tends to flatten and to cause a bend or twist 
near the end of the short awuis. It also tends to cause a minute fork 
at the tip of the awnlet of a few^ central spikelets in the nwidetted 
segregates. 



INSECT TRANSMISSION OF THE VIRUS CAUSING 
NARCISSUS MOSAIC» 


By F. S. Blanton, assistant entomologist^ Division of Truck Crop ana Garden 
Insect Investigations^ Bureau of Entomology and Plant Quarantine, Agricultural 
Research Administration United States Department of Agriculture^ and F. A. 
Haasir, assistant professor of plant pathology, New York {Cornell) Agricultural 
Experiment Station, and collaborator, Bureau of Plant Industry, Agricultural 
Research Administration United States Department of Agriculture 

INTRODUCTION 

The mosaic disease of narcissus is known to be caused by a trans¬ 
missible virus {9, 12, 13),^ but the method by which the virus is dis¬ 
seminated has remained obscure. Several theories have been ad- 
van(*ed, including the possibility of insects being either directly or 
indirectly concerned. Darlington (7) suggested that the disease may 
be caused through root injury resulting from lai*val feedings of the 
swift moth. Hodson (10) considered Thrips tabaci Lind, to be a 
likely vector of the virus, but according to Smith (14^ p. S91), Hodson 
later claimed that evidence is ap^ainst such an hypothesis and consid¬ 
ered larsonemus laticeps Halbert (T, approxirnafus var. narcissi 
Banks) as worthy of consideration as a vector. In a later report 
Hodson (11) mentioned this mite as well as the mosaic disease of 
narcissus, but said nothing of the miters being a probable vector of 
the virus; so presumably the theory was abandoned. 

Following a field survey on Long Island, Blanton (2) r<*ported that 
20 species of leafhoppers and related Homoptera had been observed 
feeding on narcissus. In another paper (3) he listed 5 species of tlirips 
from narcissus. Subsequently the clover mite (Bryobia praetiosa 
Koch) and the springtail Bourletiella hortensis (Fitch) were found on 
this plant. In addition, 7 species of aphids feeding on narcissus foliage 
have been collected— Macrosiphnw solanifolii (Ashm.), M. iaraxaci 
(Kalt.), Af, pisi (Kalt.), Aphis rumicis L., Myzus persicae (Sulz.), 
Amiraphis roseus (Baker), and Kreticoryne brassicae (L.). 

Several workers (1, 6, 11, 12) have questioned the association of 
aphids, th(‘ usual vectors of mosaic pathogens, with the natural dis¬ 
semination of the virus causing narcissus mosaic. The present writers 
(4, 5), however, reported in recent notes that the aphid species 
Macrosivhum solanijolii, M. pisi, M, rosae (L.), Aphis rumicis, A4yzu8 
convohmi (Kalt.), M, cerasi (F.), and Anuraphis roseus are capable of 
transmitting the virus, ft is the purpose of this paper to present a 
detailed account of this work as well as of experiments with other 
possible vectors, including several species of thrips and leafhoppers, 
the springtail previously mentioned, the clover mite, and the bulb 
scale mite (Tarsouemus laticeps). 

) Received for publication December 30.1941. 

2 Italic numbers in parentheses refer to Literature Cited, p. 419. 
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MATERIALS AND METHODS 

Several varieties of virus-free narcissus plants were used in the trans¬ 
mission tests. All these plants were {^own on the laboratory grounds 
for 2 or more years before being used in the experiments. During this 
period the plants were inspected early in the season, and all plants 
that appeared to be infected were removed. Mosaic-infected Sir 
Watkin plants served as the source of virus inoculum for all the tests. 
After being used for this purpose, they were isolated and gi-own for 
another year to check the first diagnosis. 

With the exception of Frankliniella fusca CHinds), a stock colony 
of which was obtained from J. G. Watts of the South Carolina Agri¬ 
cultural Experiment Station, all insect and mite species were collected 
from various host plants in the vicinity of narcissus plantings in 
Babylon, N. Y. These collections also served as the source for some 
of the aphid species established in pure-line colonies, which were 
reared after single aphids had been manually transferred to suitable 
host plants confined in cheesecloth cages. 

Tests were conducted both in the greenhouse and in the field. 
Prior to 1935 healthy test plants were grown singly in 8-inch porous- 
clay pots in the greenhouse, to avoid the possibility of virus transfer 
by root contact. Haasis (9), however, denaonstrated from experi- 
inents conducted in 1934 that virus transfer in this manner was un¬ 
likely; so in 1935 and subsequent years healthy and mosaic plants 
were grown together in either pots or flats, or in field plots. Each 
flat and each field plot contained from 20 to 24 plants in the ratio of 
approximately 1 diseased plant to 4 healthy plants, and the flats and 
plots were sometimes replicated several times. 

Most of the plants grown in pots were enclosed in celluloid cylinders 
according to technique described elsewhere (9). For tests with the 
bulb scale mite, pots containing a diseased and a healthy plant were 
placed in a greenhouse where no other narcissus plants were being 
grown and were isolated from each other by means of a water barrier. 
The flats and field plots were enclosed in cages covered with fine-mesh 
cheesecloth. 

In the tests with plants CTown singly in pots, the insects were fed 
upon the mosaic-diseased plants for a definite period and then trans¬ 
ferred to the cages containing the healthy plants. As a check, insects 
of the same species were fed for the same time on healthy narcissus 
and then transferred to other healthy narcissus. In the tests with 
diseased and healthy plants confined together, the insects were trans¬ 
ferred to these plants directly from the host plant. All tests with 
apliids (with one exception as shown in table 1), thrips, and one mite 
were handled in tliis manner. This mite and the tlinps were allowed 
to remain until all the plants died, being free to feed on both healthy 
and diseased plants. These species increased enormously, several 
generations being involved. The life cycle was complete, all stages 
being present when the plants died. All the aphids, however, died a 
few days after being confined with narcissus. A number of field plots 
and some flats of bulbs were caged, and thus kept free of insects, to 
^rve as a second set of checks in some of the transmission tests involv¬ 
ing aphids. 
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RESULTS 

The results of the transmission tests with miscellaneus insects and 
mites are given in tables 1 and 2, and those with aphids in table 3. 
The data for the check flats and plots from which insects were excluded 
are given in table 4. 


Table 1.— Trammission of the virus causing narcissus mosaic by insects and mites 
when transferred from mosaic plants^ and from healthy planiSy to individually 
potted healthy Sir Watkin narcissus plants, 19S2-34 


8i)0clea 


. UfrntagaUiasanguni' 
otenta (Prov.) 
Macronteln dirisun 
(I'hl ). 

IhkraneuTa ap . . . . 


Draeculacephala mol- 
lipes (Say) 

Stotmera trican mta 
(Say). 

Bourlehella hortenm 
(Fitch). 

Bryohia practma 
Koch. 

AphU rumicis . . 


Host plant 


("lover (Trifolium 

Ragwi^ed (Ambronia 
.sj).). 

Quackurasa (Agro- 
pyrou repetiH (L ) 
Bcauv. 

do. 

Uajjwwd. {Ambronia 
sp )• ! 

("lover (Tnfolium , 

sp)- ! 

Quackgra.as {Agro- | 
pyron reptun). | 
Dock (Ri/mcr .sp.) ; 


1 

s 

“S 

Tests with insects trans¬ 
ferred from mosaic to 
healthy plants 

Tests with insects trans¬ 
ferred from one healthy 
plant to another 
(chwks) 

'2^ 

82 

0* 

S 

Time confined on 
healthy plants 

Insects per plant 

Healthy plants ex- 

Tinsfwi 

j 

i 

Plants developing 
infection 

Time confined after 
transfer 

Insects per plant 

Plants exposed 

Plants developing 
infection 

Dayn 

U 

! Days \ 
1 15' 

Num¬ 

ber 

10 

Num¬ 

ber 

* 

Num¬ 

ber 

0 

Days 

15-18 

Num¬ 

ber 

10 

Num¬ 

ber 

5 

Num¬ 

ber 

0 

3 

I 5 

10 


5 

U 

8-10 

10 

5 

0 

3; 

1 

10 


5 

0 

4-9 

10 

5 

0 

2 

! 1-2 

10 


* 

0 

3 

10 

5 

0 

2 

; 

3-0 


5 

0 

3-0 

3-0 

5 

0 

2-3 

si 

15-20 


5 

0 

5 

15-20 

5 

0 

2-3 

1 

! 5' 

1 1 

10-20 


5 

0 

2-10 

10-20 

5 

0 

2j 

1 1 

i " 

Many 


5 

3 

3-0 

Many 

5 

0 


Table 2. —Transmission of the virus causing narcissus mosaic by thrips and mites 
when confined throughout their life cycle with diseased and healthy Sir Watkin 
narcissus plants potted together, 1935 




Insects confined with a 

Insect.s 

confined with 



mosaic and a healthy 

healthy plants only 



plant 



(checks) 


Species 

Host plant 



Plants 



Plants 



Inst'cts 

Healthy 

devel- 

Insi^ets 

Healthy 

devel- 



wr 

plants 

oping 

per 

plants 

opmg 



plant 

exjHJsed 

infec- 

plant 

exposed 

infec- 



tion 

tion 



Number 

Number 

Number 

Number 

Number 

Number 

Frank iniella fusca 

Cotton (Oossypium sp.) 

10-16 

29 j 

0 

50 

5 

0 

(Hinds). 1 







Thrips tttbaci Lind. 

Onion {Allium sp.). 

5-25 

51 

0 

3-20 

19 

0 

Tarsonemus laficeps Hal¬ 

Narcissus Narcissus pseu- \ 

Many 

3 1 

0 




bert. 

donarcissvs L.). | 



j 

- 

ar— 


* Insects remaining through several generations, the life cycle being complete. 
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Myzus eerati {¥.) ...i Cherry (Prun ns sp .) . Sir Watkin .. _ Fi«*ld _ ' June 5_ 1 36 

Anuraphis roseus {Baker). ... . ..j Apple spj . do . ...do .. _I June 1 _ _I 18 
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Tablk 4. —development of mosaic disease in narcissus plants in field plots or flats 
that were caged to exclude insects, 19SS-S9 


Variety of narcissus 

Location of plants 

Plants 

caged 

Plants 

developing 

infection 

Sir WRtkin 

Field . -. 

Number 
106 
* 74 

61 
12 

Number 

4 

5 

6 
0 

KiiiK Alfred _ , -. .. 

f ...do. . 

\Groenhouso. .. 

Victoria ... 

Total - - 

.do.. 

243 

16 




In the early teats with miscellaneous insects negative results were 
obtained with all species except Aphis rumicis. Since this species 
transmitted the virus to three of the five healthy narcissus plants 
exposed to inoculation, and since the check plants remained healthy, 
nil transmission trials are onnsidered as cx)mparable. In the later 
tests with aphids all seven species transmitted the mosaic virus, but 
there was considerable variation in the proportion of plants infected. 

A few of the check plants from which insects were excluded also 
became infected, but the number was very small compared with that of 
plants containing aphids. The cause of these accidental infections is 
uncertain, but two possibilities are suggested: (1) Some of the sup¬ 
posedly healthy plants on which the colonies were maintained may 
have served as symptoinless carriers of the virus; (2) migratory aphids, 
having accjuired the virus by feeding on mosaic narcissus growing 
near the cages, may have made a feeding contact mth the healthy 
foliage through the cheesecloth barriers. The writers believe the 
second possibility to be the more tenable, for they did observe a few 
migratory aphids feeding through the cheesecloth. Furthermore, 18 
of the 22 accidental transmissions occurring in the-caged field plots 
were found to be in plants next to the periphery of the cage and the 
remaining 4 were in the adjacent row, approximately 10 inches from 
the edge of the cage. If these accidental transmissions resulted from 
inoculations within the cages, a more random distribution of the in¬ 
fected plants should be expected. The locations of infected plants in 
the greenhouse were not charted, but the majority of the accidental 
transmissions occurred in plants adjacent to the edge of the cage. 

A total of 904 plants were infected as a result of inoculation by 
aphids, but none showed morphologic symptoms of the mosaic disease 
during the growing season in which the inoculations were made. 
Similar results are reported where inoculations were performed mechan¬ 
ically {9, IS, IS). 

The experimentally infected plants used ip these tests expressed 
both the chlorotic-striping and leaf-enation symptoms that are char¬ 
acteristic of the disease as exhibited by naturally infected plants of the 
same variety growing in the field. 

DISCUSSION j 

Narcissus plantings in Long Island are first invaded by aphids in 
the latter part of April, when these insects commence their migrations 
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from primary to secondary hosts, and from this early date until the 
narcissus plants mature light populations persist. It appears that 
narcissus serves only as a transient host for the aphids, for under con¬ 
trolled conditions, when aphids are restricted to a nai’cissus diet while 
the plants are still growing, the period of survival ranges from 3 to 15 
days. The species Macrosiphum solanifolii, however, is exceptional 
in that it forms colonies and multiplies rapidly on narcissus foliage, 
beginning the latter part of June. 

Of the seven aphid species that have been taken on narcissus in the 
field, the throe most frequently encountered have been Macrosiphum 
solaniJolii,M. nisi, ami Aphis rumids; Anuranhis rosoe was abundant 
only one year during these investigations. Allfour species transmitted 
the virus under experimental conditions (table 3). Three additional 
species, M. rosoe, Myzus convolvuli, and M. cerasi, although never 
collected from narcissus, are also efficient vectors. These facts sug¬ 
gest that the virus causing narcissus mosaic may be disseminated by 
many species of aphids, as has similarly been demonstrated for the 
yellow dwarf virus of onions (8). 

In most of the transmission tests with aphids from 100 to 500 insects 
per cage were employed. With the exception of Macrosiphum solnni- 
join late in the growing season, aphid populations on narcissus under 
field conditions rarely if ever reach such high numbers. Preliminary 
data are at hand, however, which indicate that a single aphid is able 
to transmit the virus. In such a case even sparse populations could 
account for the high percentage of virus dissemination that takes place 
in the field. 

SUMMARY 

Investigations were conducted to determine whether any of the 
insects collected from field-grown narcissus plants are capable of 
transmitting the virus causing narcissus mosaic. 

Fifteen species of insects and two species of mites were allowed to 
feed on mosaic narcissus plants and were then transferred to healthy 
narcissus, which were maintained in cages in both the greenhouse and 
the field. The results were negative for the miscellaneous insects anil 
mites, wliich included five species of leafhoppers, Aceratagallia sangui- 
nolenta (Prov.), Macrosteles dmstis (Uhl.), Dikraneura sp., Draecula- 
cephala moUipes (Say), Stobaera tricarinata (Say); two species of thrips, 
franklinieUa fusca (Huids) and Thrips tabaci Ijind.; one sprmgtail, 
Bourletiella hortensis (Fitch); and two species of mites, Bryobia prae- 
tiosa Koch and Tarsonemus laticeps Halbert. All seven species of 
aphids —Macrosiphum solanifolii (Aslim.), M. rosae (L.), M. pisi 
(Kalt.), Aphis rumicis L., Myzus convolvuli (Kalt.), M. cerasi (F.), and 
Anuraphis roseus (Baker)—gave positive results. 

Four of the aphid species —Macrosiphum solanifolii, M. pid, 
Anuraphis roseus, and Aphis rumicis —have been collected on nar¬ 
cissus plants growing in the field, but only M. solanifolii has been 
found capable of multiplying on these plants. 

The aphids transmitted the virus to 904 out of a total of 1,558 
plants of the followmg narcissus varieties: Sir Watkin, King Alfred, 
Minister Talma, Spring Glory, and Victoria. 
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Symptoms of the disease appeared during the season following 
inoculation and were typical of the disease as exhibited by naturally 
infected plants of the same variety growing in the field. 
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ASYNAPTIC GOSSYPIUM PLANTS AND THEIR 
POLYPLOIDS* 


By J. 0. Bbasley, agronomist, and Mbta Stjchb Brown, cytologist, Texas 
Agricultural Experiment Station 

INTRODUCTION 

III many hybrids between distantly related species chromosomes 
fail to pair during meiosis or pairing is incomplete (4, 5)*. There are 
several known examples in which chromosomes fail to pair in non¬ 
hybrid individuals or in segregates from hybirds that usually give 
normal chromosome pairing {1, 2, 4, 6, 9,10). Doubling the chromo¬ 
some number in hybrids in which most of the chromosomes fail to 
pair is usually followed by nearly normal chromosome pairing. From 
the work of Dobzhansky {6) doubling the chromosome number in 
nonhybrid individuals with reduced chromosome pairing, or in hybrids 
in which chromosomes have a reduced pairing as a resmt of gene com¬ 
binations, would be expected to give no increase in the number of 
chromosomes paired. 

Sterile plants were reported by Kearney (8) to s(‘gregate in the F2 
and F3 of Gossypium hirsutum X G. baroadense, both of which arc 
American cultivated tetraploid‘cottons with 26 pairs of chromosomes. 
Sterile plants from this cross have also been noted b^ Harland (6) 
and by others who have worked with the cross. Sterile plants were 
reported by Hutchinson and Gadkari (7) to segregate in a ratio of 3 
fertile to 1 sterile in an Asiatic cotton with 13 pairs of chromosomes. 

MEIOTIC CHROMOSOME BEHAVIOR IN ASYNAPTIC PLANTS AND 

THEIR POLVPLOIDS 

In F2 populations of Gossypium hirsutum X G. barhadense, plants were 
found that flowered but produced no seeds.’ Anthers of some flowers 
dehisced, but examination with a hand lens indicated that the pollen 
was aborted. Apparently no functional embryo sacs or pollen were 
produced. Although some fruits reached nearly mature size, they 
had no seeds. Acetocarmine smears of pollen mother cells of F. 
plants show 26 pairs of chromosomes with no evidence of structural 
differences between the chromosomes (3), and fertile F2 plants have 
the same meiotic chromosome behavior. In meiosis of the sterile 
plants less than half of the 52 chromosomes paired (fig. 1). The 
range in number of pairs was 2 to 15, and means of different sterile 
F2 plants ranged from 6.3 to 11.6 (table 1). The chromosomes that 
paired usually had only one chiasma, and the univalents were scat¬ 
tered around the metaphase plate. At anaphase some bivalents 
separated sharply like normal bivalents with one chiasma, but some 

> Received for publication, January 3, m2. 

3 Italic numbers in parentheses refer to Literature Cited, p. 427. 

’ The first of the sterile plants used in this work were found m an Fs progeny grown by Dr. Thoma*; 
Kerr, who also aided in examining the plants for sterility. Data were collect^ from other Ft popilliiition.'^ 
grown by T. R. Richmond: Dr. C. P. Swanson aided in the cytologicol work. 
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became attenuated. No fragments were found. At anaphase multi¬ 
polar spindles frequently were present. In the second division the 
chromosomes formed regular spindles and apparently separated as 



Figure 1 —First meiotic metaphase of sterile plant from Fj progon> of Gosaypium 
hirsutum X 0. harhademsc showing less than one-third of the chromosomes 
paired. 



Figure 2.—Microsporocytes of sterile plant from F 2 progeny of Gassypium 
kirsuium X G. barhadense showing more than four microspores in ^Hetrads.'^ 


they do in normal plants. This meiotic chromosome behavior resulted 
in'tetrads'' with 1 to 13 microspores (table 2) with extreme vari- 
abj^ty in size (fig. 2). 


T\ble 1. —Xumber of pairs of chromosomes in F 2 asynaptic plants from Gossypium hirsutum X G barbadense 
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Table 2. —Number of microspores in ^Heirads** of F 2 asynaptic plants from 
Gassypium hirsutumXG. harbadense 


Number of microspores 



Chrorno- 



















Num* 


Plant No.» 

some 





















number 

' 

» 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

ber of 
“tet¬ 
rads” 

Aver¬ 

age 

n.. 

4N 

1 

1 


12 

18 

42 

23 

35 

10 

8 

4 

2 

1 

_ 





157 

6.9 

1 .- 

4N 


1 

i 

28 

17 

36 

15 

28 

1 

4 








. 

131 

6.1 

1 _ , 

4N 




16 

12 

54 

58 

36 

12 

3 









191 

6 7 

r -- , 

4N 



1 

11 

18 

67 

31 

15 

6 









. 

139 

6 3 

1 treated 

8 N 


i 


2 

4 

34 

45 

60 

53 

61 

26 

i5 

4 

2 

1 




308 

8.7 

1 treated 

8 N 




2 

5 

21 

23 

35 

42 

35 

23 

20 

22 

8 

1 

i 


_ 

238 

9 4 

2 . - . 

4N 




11 

19 

46 

37 

47 

32 

15 

9 

6 







221 

8 1 

2 _ 

4N 




21 

40 

95 

106 

81 

33 

16 

4 

3 

2 






401 

7.0 

2 treated--- 

8 N 





1 


6 

16 

24 

43 

40 

23 

30 

16 

8 

3 


1 

203 

11 0 

2 treated. 

8N 


2 


2 
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12 

30 

62 

57 

73 

61 

44 

37 

10 

10 

2 
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369 

10.0 

3 - - 

4N 

13 

62 

40 

714! 
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37 
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4 4 

3. 

4N 
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34 
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3 8 

4 _ 

4N 
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34 
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2 








203 

5 5 
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4N 
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6. --- 

4N 
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4N 


1 

4 

28 
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7 
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4N 


8 
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1| 
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9_ --- . 

4N 


3 
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30 
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45 

19 
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2 
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4N 
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57 

38 
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4N 




1 
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26 
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1 4 2 
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4N 
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1 
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- 
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! 0 1 


» Plants with .same plant number and chromosome number represent collections made from same [ilant 
on different date.s. 

* Plants s-15 are from same Fj population 


The pa('liyt('iie chromosomes of Gossyjyinm \ivo unfavorable for 
study, but the observations that were macl(‘ indicated that most of 
the chromosomes were paired at pachytene, as rc'ported in asynaptic 
Zea (j?) and Pisum (,9). 

The chromosome numbfu- of two asynaptic plants was doubh'd by 
colchicine treatment of grafts made from these plants. In meiosis 4(> 
percent of the chromosomes of the treated plants painul as compared 
with 34 percent in the original asynaptic plants. Since (»nvironment 
is known to influence chromosome pairing and the material was col¬ 
lected at different times, the data do not justify the c*onclusion that 
doubling the chromosome number increased the amount of pairing. 
The range in tht» number of paired chromosomes in tlu* asynaptic 
plants with double the original number of chromosomes was 15 to 
33 (table 1 and fig. 3). The number of microspores in the ^‘b'trads'' 
reached as high as 18 (table 2). A few trivalents and quadrivalents 
were found in asynaptic plants with double the original numb(u* of 
chromosomes. 

GENETICS OF ASYNAPTIC GOSSYPIUM PLANTS 

An F2 progeny of Gossypium hirsutum (Stoneville 5)XG, barbadense 
(Seabrook) gave 125 fertile plants and 8 asynatic plants (table 3). 
A cross between an upland variety, Coker 100, and a sea-island strain, 
which was probably Bleakhall, gave 49 fertile and 5 sterile plants. A 
cross reported by Kearney (8) of G, hirsutum (Holden) X 0. barbadense 
(Pima) gave 200 fertile and 15 sterile plants. Kearney's description 
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loaves no doubt that the sterile plants he found were the asynaptic 
type. Of 22 F3 progenies which he obtained from fertile F2 plants, 9 
contained from 3 to 38 percent of completely sterile plants. Since 
the F2 ratio shows the asynaptic plants to be the result of two genes, 
both of which must be homozygous recessive, some F3 progenies would 
be expected to segregate 3 fertile to 1 sterile, and others would be ex¬ 
pected to segregate 15 fertile to 1 sterile. In the F3 53.3 percent 
or 12 of 22 progenies would be expected to have sterile segregates. 
The range of 3 to 38 percent of sterile plants in F3 progenies would 
be ('xpected in small F3 populations. 

No asynaptic plants were found in an Fo population of over 500 of 
G. hirmtum (Half and Half)Xff. barhad^nse (Seabrook), in a popula¬ 
tion of over 100 of G. hirsutum (Half and Half) XO', barbadense (Pima), 
or in a population of about 125 of G. hirsutum (Acala 8) X^. barbadense 
(Seabrook). 


pPiPf^’ 



Khjure 3.—r'irst ineiotic nietapha^e of sterile plant with ciouble the oriL;inal 
number of chromosomes from F 2 progeny of Gossypium hirsutujnXO. barbadense 
sho\Ning thal doubling the chromosome number failed to n'slore normal pairing 
of the chromosomes. 



DISCUSSION 

The F2 ratio of 15 to 1 shows that the asynaptic (Jossypium plants 
are the result of two pairs of recessive genes, one of which was shown 
to be homozygous in certain strains from three varieties of G. hirstUum 
and the other in two varieties of G. barbadense. Prof. G. W. Beadle 
Ims suggested to the authors that the. situation might possibly be due 
to the same gene occurring homozygous in each of the two sets of 
chromosomes. Strains of two varieties of G. hirsutum (Half and Half 
and Acala 8) did not have the recessive gene. The mean difference 
in the number of bivalents and number of microspores in the “tetrads” 
of different asynaptic segregates collected the same day from the 
same population is evidencethatmodifyingfactorsarepresent. Similar 
modifying factors w'ere found by Beadle {!) in asynaptic Zea plants. 
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Table 3. —Normal and asynaptic plants in Fg populations of Gossypium hirsutumX 

G, harbadense 


Cross 


0. hirsutum (SU)neviIIe 5)X<3'. harbadense (Seabrook) . 
O, hirsutuin (Coker 160)XO. harbadense (Bleakhall?) . 
O hirsutum {}loU\en)XO. harbadense (Pima) ‘— -- 

Total-- - 


I Data from Keraney (8), 



Normal 

! 

Asynaptic 

i) 


P.B. 


126 

8 

<1.0 


40 

5 

1.3 

--- 

200 

15 

<1.0 


374 

28 

<1.0 


The percentage of the chromosomes pairing in the original asynaptic 
plants and in the plants with double the original number of chromo¬ 
somes was approximately equal. The chromosomes failed to pair in 
the original F2 plants because of a gene combination. In doubling the 
chromosome number, the physiological effect of the genes in question 
was not changed, so pairing conditions remained the same. This 
fact had been noted by Dobzhansky (5) from studies of occasional 
polyploid cells in Fi hybrids between the A and B races of Drosophila 
pseudoobscura. 

A statement by Dobzhansky concerning a sterile hybrid and its 
fertile polyploid finds no support in Gossypium. He states {5, p. 326): 

* * * One cannot, however, exclude the possibility that the chromosome 

pairing in the diploid is suppressed by the hybrid genetib constitution, but that 
the doubling of the chromosome complement entails a physiological change which 
removes the hindrance to bivalent formation. 

If doubling the chromosome number ri'sulted in a physiological 
reaction allowing the chromosomes to pair, it is probable that many 
of the chromosomes would form multivalents which would result in 
unstable polyploids. In all examples of polyploids in which chromo¬ 
some pairing became normal, or nearly so, following the doubling of 
the chromosome number in a hybrid with no pairing or with pairing 
much reduced from normal, it is believed that the failure of pairing 
in the initial hybrid was the result of structural and genetic differences 
between the chromosomes, rather than the action of genes to prevent 
chromosome pairing. Evidence has been given (S) that structural 
differences exist between all the chromosomes in certain Gossypium 
hybrids that yielded highly fertile polyploids. 

In asynaptic Zea plants Beadle (2) found an occasional attenuated 
bivalent and in some cells fragments. Koller (9) found attenuated 
bivalents in asynaptic Pisum, but he had evidence to show that the 
plant was heterozygous for an inversion, for no bridges were found in 
other asynaptic Pisum plants. In the asynaptic Gossypium no 
evidence was fouxid that the attenuated chromosomes are the result of 
structural differences between chromosomes. It may be possible that 
the upset in meiosis that resulted in asynapsis could also at times 
cause attenuated bivalents. That these are not identical with bridges 
due to structural differences is evidenced by normal pairing in the Fi. 
Furthermore, doubling of the chromosome number in hybrids where 
pairing was absent or incomplete because of structural differences 
restilted in nearly normal pairing (S, 5), whereas doubling the number 
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of chromosomes in asvnaptic plants produced little or no change in 
percentage of paired chromosomes. 

It has been suggested that regular formation of bivalents, rather 
than multivalents, and normal fertility might be produced in auto¬ 
polyploids by inducing mutations which reduce chiasma frequency. 
That this idea has no promise, at least in GossyT^um^ is shown by the 
autopolyploids from the asynaptic plants, for with only 46 percent of 
the chromosomes paired some trivalents and quaarivalents were 
present. 

SUMMARY 

In an F2 progeny of Gossypium hirsutum X G, barbadense (American 
upland X sea-island cotton), sterile asynaptic plants were found in a 
ratio of 15 fertile to 1 sterile. At first metaphase the fertile plants 
had the normal 26 pairs of chromosomes while the asynaptic plants 
averaged 6 to 12 pairs of clnomosomes. Doubling the chromosome 
number iu the sterile asynaptic plants failed to restore normal chromo¬ 
some pairing and fertility. 
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THE INFLUENCE OF FEEDING LOW-NITROGEN RATIONS 
ON THE RELIABILITY OF BIOLOGICAL VALUES' 

By J. I. Miller, assistant professor in animal husbandry, and F. B. Morrison, 
animal husbandman, and animal nutritionist, and head. Department of Animal 
Husbandry, New York {Cornell) Agricultural Experiment Station * 

INTRODUCTION 

For tin* past scvfral years nitrogen balance experiments witli 
lambs have been conducted at this station to study the quality of 
protein furnished by common feedstuffs { 10 , 11 , 20 , 21 )? The 
nutritive value of the protein has been expressed as the percentage 
of total nitrogen stored, the percentage of digested nitrogen stored, 
and the biological value. In the later work the biological values 
reported are termed “estimated biological values,” since average 
values for endogenous and metabolic nitrogen as determined in earlier 
experiments with lambs were used in the calculations. 

The usual method of determining biological values of protein 
involves feeding a nitrogen-free or low-nitrogen ration during the 
expei'imenl in order to measure the. endogenous nitrogen losses in 
the uriiu* and the metabolic nitrogen losses in the feces { 12 ). Because 
of the difficulty in inducing experimental animals to consume sufficient 
amounts of either a nitrogen-free ration or a ration very low in nitro¬ 
gen { 8 ), certain investigator have added small amounts of some 
protein of high (juality, such as egg protein. According to data 
reported by Mitchell and Carmen { 14 ), the nitrogen excretions of 
rats fed a ration containing 0.6 to 0.75 percent of whole-egg nitrogen 
(3.75 to 4.69 percent protein) were practically the same as when 
they wen* fed a I'ation nearly nitrogen-free. 

The time required by atiimals fed a low-nitrogen or nitrogen-free 
ration to reach an (*ndogenou8 level of nitrogen losses is not definitely 
established. Smuts reports the time required by various animals to 
n*ach the endogenous lev(*l to be as follows: Mice, 5 days; guinea 
pigs, 8 days; rabbits, 15 days; and pigs, 20 days { 17 ). Mitchell { 12 ) 
and Chiet and Roscoc (5), as well as others, have commonly used 
periods of 3 to 5 days for measuring the endogenous losses for rats. 
McCollum { 6 ) and Mitchell and Hamilton { 15 ) have used 10 to 15 
days for swim*. Turk et al. { 20 ) and Sotola { 19 ) have used a 10-day 
standardizing period for sheep. Martin and Robison report that for 
human subjects 5 to 7 days are required (7). 

Ashw'orth and Brody { 1 , 2 , 3 ), found that the minimum urinary nitro¬ 
gen l(*vels for rats were obtained at any time between 4 and 28 days on 
a nitrogen-free diet. Rats which had been previously fed a low- 
protein ration required less time to reach the endogenous level than 
rats previously fed a high-protein ration. Chick, Hutchinson, and 
Jackson { 4 ) report that the excretion of endogenous nitrogen in the 
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urine tends to diminish with the length of time that a rat is fed a 
diet devoid of nitrogen, although a period of 2 to 3 days is long enough 
to include the initial rapid fall in nitrogen excretion. They consider 
that a collection period of 4 days following a preliminary period of 
2 to 3 days gives a fairly good estimate of the endogenous nitrogen 
in the urine, although the value may be regarded as a somewhat 
arbitrary quantity. Mitchell et al. {IS) concluded that the level of 
endogenous nitrogen excretion as measured by their procedure 
possesses a definite biological significance and that the biological 
values detei-mincd possess an absolute as well as a relative significance. 

In work at the Cornell station (5, 21) , data have been obtained which 
might indicate that lambs store a higher percentage of the protein 
in an experimental ration following the feeding of a low-nitrogen 
ration. Considerable time may be. required by lambs to reach a 
more or less stable level of protein utilization after such feeding and 
a 10-day preliminary period may not be of suflicient length. 

Various problems have arisen regarding the accurate determina¬ 
tion of the metabolic nitrogen fraction of the feces (16). The most 
common manner of expressing the metabolic nitrogen loss is in terms 
of dry-matter intake. Although body weight and possibly other 
factors may have some influence, dry-matt(‘r intake seems to b(‘ the 
predominant factor. However, it has been noted that when the 
experimental animals consumed but small amounts of tlu' low-nitrogen 
rations, the amount of mc'tabolic nitrogen excreted p(‘r unit of diy- 
matter intake was higher. 

OBJECT OF EXPERIMENTS 

The series of experiments witlj lambs reported in this paper were 
planned to obtain information on the following points: 

(1) The length of time required by lambs fed a low-nitrogen ration 
to reach their endogenous nitrogen level. 

(2) The effect on feed consumption, on losses in body weight, and 
on nitrogen excretion of adding small amounts of dried* skim milk or 
of corn-gluten meal to low-nitrogen rations. 

(3) The time required by lambs to reach a stable level of nitrogen 
utilization when fed rations containing approximately 10 percent or 
more protein following the feeding of a low-nitrogen ration. 

(4) The influence of a low-nitrogen ration on the accuracy of 
biological values as heretofore obtained with lambs as a measure 
of quality of protein. 

EXPERIMENT 1 

PROCEDURE 

Continuous nitrogen balance data were obtained on two grade 
wether lambs of mutton type by the use of metabolism cages. These 
cages, as well as the methods used in conducting the balance experi¬ 
ment, have been described previously {20). The urine and feces 
were collected at 2-day intervals and analyzed for nitrogen by the 
standard Kjeldahl procedure. Previous to the experiment the lambs 
had been fed a ration containing approximately 10 percent protein, 
each lamb was fed the three different rations shown in table 1. 
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Table 1. —Percentage composition and average protein content of rations used 

in experiment t 


Ingredients 

Low-nitrogen 

ration 

High-nitrogen 

ration 

Nitrogen^poor 

ration 

Cellulose .. ..-.. . 

Starch.- - 

Sugar. --- ... 

Wneatstraw...-.. 

Com oil. 

Minerals ^.. . . 

Dried skim milk .. . 

Linseed meal_ . - . .. 

Total.- — 

Average protein content (N X6.26) 

Percent 

10.6 

28.0 

28.0 

26.0 

4.6 

4.0 

. i 

Percent 

9.0 

11.0 

10.7 
26,0 

3.0 

3.0 

11.6 

26.7 

Percent 

9.0 

24.2 

24.2 

26.0 

3.0 

3.0 

11.6 

100.0 

100.0 

100.0 

1 05 

13 16 

4.49 


I The mineral mixture was comiwsed of 40 i)erceut {ground limestone, 40 percent steamed bonemeal, 
and 20 iHircvnt salt. 


Changes bet ween rations were made abruptly bv substituting one 
ration for another at a morning feeding, and collection of excreta 
was begun the same day. The first ration, which was fed for a period 
of 34 days, was the low-nitrogen basal ration for lambs developed at 
this station. The second ration, a high-nitrogen ration, was fed for 
20 days following the feeding of the low-nitrogen ration. The pur¬ 
pose of feeding this ration was to bring the lambs back to a good 
state of nutrition, as well as to study the utUization of nitrogen 
immediately following a period of low-mtrogen intake. 

Finally, a nitrogen-poor ration was fed for 40 days. This ration 
differed from the low-nitrogen ration mainly in containing enough 
dried skim milk to furnish approximately an average of 4 percent of 
protein and to bring tlie protein content of the ration to an average 
of 4.49 percent. L>ried skim milk was selected ss a feed which 
should furnish protein of as high quality as any feed which would 
be feasible to use in rations for lambs. If lambs respond in a manner 
similar to that reported for rats by Mitchell and Carmen {Uh.), the 
losses of nitrogen of lambs fed this amount of protein in the ration 
should have been essentially the same as when they were receiving 
a nitrogen-free ration. The high-nitrogen ration, fed in the second 
period, was the nitrogen-poor ration plus sufficient linseed meal to 
furnish approximately 10 percent protein. 

RESULTS 

The results of experiment 1 are presented in table 2 and in figures 
1, 2, 3, and 4. The curves presented in these and later figures are 
calculated logarithmic curves. The dots represent the actual de¬ 
terminations for each lamb. 
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DAYS 


f;rRK 1. Average daily losses of nitrogen in the urine of lambs fed a low- 
nitrogen ration, a high-nitrogen ration, and a nitrogen-poor ration. 



DAYS 


FiorRK 2.—Average daily losses of nitrogen per kilogram of body weight of the 
lambs when on the low-nitrogen ration and on the nitrogen-poor ration. 








433 


Nov, 1,1942 The Influence of Feeding Low-Nitrogen Rations 



Fkjt re 3.—Averago dailj^ losses of nitro|?en iii the feces of lambs fed a low-nitrogen 
ration, a high-nitrogen ration, and a nitrogen-poor ration. 



Ficji RK 4.—Average daily losses of nitrogen in the feces per 100 gin, of dry-matter 
intake of iambs fed a low-nitrogen ration and a nitrogen-poor ration. 
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Table 2. — Nitrogeri’^balance data of experiment 1 by May periods 
LOW-NITROGEN RATION 


nays on 
ration 

Weight 

Feed intake 

Dry matter 
intake 

Nitrogen 

intake 

Nitrogen In 
urine 

Nitrogen in 
feces 

Lamb 

5 

Lamb 

6 

Lamb 

6 

Lamb 

6 

Lamb 

5 

Lamb 

6 

Lamb 

6 

Lamb 

6 

Lamb 

5 

Lamb 

6 

Lamb 

5 

Lamb 

6 


Kg. 

Kq. 

Ovi 

Gm 

Om. 

Om. 

Gm. 

Gm. 

Qm. 

Gm. 

Gm 

Gm. 

2 .. . . 

36.4 

33.3 

l,2tM) 

1,200 

1,119 0 

1,119.0 

2 10 

2.10 

6 52 

5.32 

6.10 

5 33 

4. _ 

36.2 

32 4 

1,200 

900 

1,119.0 

839. 2 

2 10 

1.58 

4 06 

3.78 

4. 72 

5.00 

6 . _ 

35 0 

31.8 

1,200 

1,200 

1, lift 0 

1.119 0 

2 10 

2.10 

4.06 

2.65 

4.29 

4.93 

8 

35 7 

31.1 

1,200 

400 

1,119.0 

373 0 

2.10 

70 

3 43 

2 88 

3.84 

3.35 

10 

35 4 

30.6 

1,2(K) 

700 

1,119.0 

652 8 

2.10 

1.22 

3.13 

3.69 

4 30 

2 52 

12 --- 

34 8 

30 2 

m 

900 

465 1 

837 2 

.84 

1 52 

3.10 

2.26 

2 90 

3 37 

14 

34 3 

29.5 

850 

65<) 

790.7 

604 6 

1 43 

1.10 

2 99 

1.73 

3.8:1 

2.20 

16 . -- 

32 I 

29 0 

600 

700 

.558 1 

651.1 

1 01 

1 18 

2.59 

2.06 

2 73 

2.59 

18 ... 

31 7 

28.8 

700 

0(K) 

651 1 

.5,58. 1 

1 18 

1 01 

2.98 

2 00 

2.80 

2.25 

20 _ 

31 8 

28 6 

1 000 

525 

930 2 

488 4 

1.68 

.88 

2.82 

1 75 

4.10 

2 04 

22 ... 

32.2 

29.1 

9tK) 

600 

837.2 

558 1 

1 52 

1 01 

2.70 

2.15 

3 41 

2 57 

24 _ 

31..5 

28 5 

600 

2.50 

556.7 

232.0 

97 

40 

2 62 

2 42 

2 85 

2 10 

26 ... 

31 4 

28.5 

H0<) 

6.50 

742 3 

603 1 

1 30 

1 15 

2.59 

2. 28 

3 27 

1 70 

28 ... 

30.8 

27 8 

HOO 

7(Kl 

742.3 

649 5 

1 .30 

1.13 

2.69 

1 73 

3 OS 

2 72 

30 

30 6 

27 7 

8(K) 

4(K) 

742.3 

371 2 

1 30 

. 65 

2.23 

1.26 

3.04 

2 (Ml 

32 

30. 1 

27 2 

250 

325 

232 0 

301 6 

40 

.5:1 

2.54 

1 75 

2 01 

1 67 

34 

29 6 

27 1 

1 

1 6(M) 

i __ 

567 

.5.56 7 

526 1 

.97 i 

92 

2 1.5 

1 45 

1.97 

1 2 43 





HIGn-NITROGEN RATION 





2. 

2ft S 

27 4 

750 

750 

698 8 

698 8 

15 7ft 

15 79 

3 87 

4 43 

3 20 

3 06 

4 - 

.30. 5 

28 1 

1, 100 ‘ 

1,100 

1.025 0 

1,025 0 

2;i. 16 

23 16 

9 28 

8 66 

.5.11 , 

5 26 

6 .. 

30 4 

28 7 

1,225 

1,225 

1, 141 5 

1,141 5 

25 79 

25 79 

12 36 

8. 50 

5 02 

6 75 

8 .. 

31.3 

20 4 

1,325 

1,325 

1,2.34 6 

1,234 6 

27.89 

27 89 

18 34 

9 «() 

6 41 . 

8 54 

10 .. . 

31, 5 

30 0 

1,550 i 

1, 5.50 

1,444 3 

1,444 3 

32 m 

32 ea 

15 54 

10. 98 

6 9ft i 

8 52 

12 

31 8 

30 7 

1,600 

1,600 

1,400 9 

1,490 9 

33 68 

33 68 

18 74 

12 :i6 i 

8 17 i 

9 30 

14 

31 3 

30 1 

1,600 i 

1,600 

1,490 9 

1,490 ft 

33 68 

33.68 

17 40 

11 68 : 

7 1ft 1 

7 86 

16 

32 8 

31 6 

1.6(N) 

1.6(X) 

1,490 9 

1.490 9 

33 68 

33 68 

17 22 

12 64 

8 33 , 

8 40 

18. 

32 7 

32 0 

1. 60J 

1,600 

1.490 9 

1,490 9 

33 68 

.33 68 

i 15 97 

13 94 I 

7 68 1 

ft 67 

20. 

32 5 

32 1 

l.PiOO 

1,600 

1,490 9 

1,490 ft 

33 68 

33 68 

1 16 38 

] 

14 62 

6 22 1 

9 74 


NITilOGEN-POOtt RATION 


2 

33 1 

32 .3 

1,6(K) 

1,200 

1,4ft3.8 

1,120 3 

11 62 

8 71 

7 14 

5 52 

6 23 

n 42 

4. 

34 0 

32 6 

1,6(K1 

.500 

1,493 8 

466 8 

11 62 

3 6.3 

3 40 

5. 2.5 

5 82 

4 46 

6- 

33 2 

31 7 

1,600 

ft(X) 

1,493 8 

840 2 

11 62 

6 .53 

6 24 

3 71 

7 25 

4 01 

8 

33 5 

31 2 

l.tKX) 

1, KKl 

1,493 8 
1,493 8 

1.027 0 

11 62 

7 9ft 

1 70 

3 26 

5 93 

4 22 

10 

.34 0 

31 .3 

1,(KX) 

1,450 

1,353 7 

11 62 

10 5:1 

4 11 

2 63 

5 67 

6 6:1 

12 

34 2 

31. 5 

1,6(M) 

l,3fX) 

1,493 8 

1,213.7 

11 62 

9.41 

3.83 

2. 61 

6 72 

.5.98 

14 

34.3 

31.8 

1.6(K1 

1,2.50 

1,493 8 

1.167 0 

11 62 

ft 08 

;j.K8 

2 37 

7. 44 

J5.41 

16 ... 

34 1 

32 0 

1,6(X) 

1,2.50 

1,493.8 

1,167 0 

11 62 

ft 08 

3.67 

2. 38 

6 98 

1 91 

18 

34 1 

31.6 

1,6(K) 

,5(X) 

1,493 8 

466 8 

11 62 

3 6.3 

3. 77 

2 68 

.5. 13 

5.6.5 

20 .... 

34.5 

30,8 

1,600 

850 

1,477.8 

785.1 

11.41 

6 Oft 

3 iMi 

2 54 

6 62 

4. 77 

22 . 

34.2 

31 0 

1,6(K) 

1,0.50 

1,477 8 

969 8 

11 41 

7. 49 

4 14 

2 8ft i 

6 28 

4.6:i 

24 . . 

34 0 

31.3 

1.6(K1 

1,400 

1,477 8 

1,293 0 

11 41 

9.98 

:i.8H 

! 2 42 

6 01 i 

i 5.22 

26 

35.0 

31.6 

1,6(KI 

1,400 

1,477 8 

1,293 0 

11 4! 

! 9.98 1 

5 06 

2 84 

5 .59 

I .5 66 

28 ... 

34.4 

32,0 

1,600 

1,600 

1,477 8 

1,477 8 

11.41 

11 41 

4 68 

2. 86 

8.0.5 

7. 16 

30 . 

34.6 

32 4 

1,600 

1,350 

1,482 6 

1,250. ft 

11. .36 

9 58 

4. 14 

2 .54 

6 63 

, 5 81 

32 . 

34 5 

32.4 

1,6(K) 

1,250 

1,482.6 

1,158 2 

11 36 

8 88 

3.9ft 

2 40 

6 74 

.5. 73 

34 

34.3 

32 1 

1,600 

1,200 

1,482 6 

1,111 9 

11 36 

8 .52 

3 77 

2 60 

6 73 

5. 59 

36 ... 

34 2 

31.3 

1,600 

1,400 

1.482 6 

1,297.2 

11 m 

9.94 

3 66 

2 64 

6 1 

i 6 12 

38 _ 

35.0 

.32 2 

1,600 

1,400 

1.482.6 

1,297.2 

11 36 

9 94 

3 fUl 

2 64 

7. 12 

I 5 76 

40 . . 

34 7 

32 1 

1,600 

l,;i50 

1,482 6 

1,2.50 ft 

11 :i6 

9 58 

3. 62 

2 78 

7 40 

1 0,09 

-- 

— 


- 

— 


- - 

- 



- 

-- 

' - _ 


Feed Intake 

Each lamb was fed 600 gm. per day of the low-nitrogen ration at 
the start with the hope that at this rather low level of intake all the 
food would be consumed. However, after a short time, neither lamb 
would consume that amount of feed. Lamb 5 tended to have a 
stronger appetite than lamb 6 throughout the period, although this 
lamb refused to consume 600 gm. of the low-nitrogen ration after the 
tenth day. After each lamb had refused to eat as much of the ration 
as planned, the ration was fed according to appetite. 
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The appetite of eaeh lamb improved markedly when the high- 
nitrogen ration was fed. Both lambs made a regular increase in 
feed consumption until each consumed 800 gm. per day after the 
tenth day. This level of feeding was continued during the remainder 
of the period on this ration. 

Lamb 5 continued to eat 800 gm. per day when fed the nitrogen- 
poor ration and his appetite remained good. The appetite of lamb 
6 was som(‘what irregular on this ration. He ate less than when fed 
the high-nitrogen ration, but considerably more than whc^n fed the 
low-nitrogen ration. 

Body Wj!.ight 

Both lambs lost weight steadily during the period in which the 
low-nitrogen ration was fed. The losses were greater during the 
intervals of low-feed intake. However, at no time did the lambs 
maintain their weight when fed the low-nitrogen ration. Each 
lamb started to gain in weight immediately upon changing to the 
high-nitrogen ration, and continued making good gains throughout 
the period. 

Lamb 5 continiK'd to make slight gains in weight when fed the 
nitrog(»n-poor ration. This small gain amounted to approximately 
1.5 kg. for the 40-day period. Probably because of lower feed con¬ 
sumption, lamb 6 just maintained his weight when fed this ration. 

Urinary Nitrogen Losses 

Th(‘ urinary nitrogen losses declined abruptly during the first 10 
(lays th(' lambs wi'H' fed the low-nitrogen ration, but after the first 
10 or 12 days, the di'cline was slight (fig. 1). 

The fact that the lambs excreted the largc^st daily amount of 
urinary nitrogen during the first 10 days of feeding may be explained 
largely by th(‘ residual effect of the former ration, which contained 
approximately 10 percent protein. The small decline in rate of 
excretion of urinary nitrogcui following this initial drop may be due, 
in part, to the fact that the lambs were gradually losing in body 
weight. Also, tlie lambs may have become gradually more efficient 
in the utilization of th(» nitrogen until tlu^y reach(*d a so-caUed endo- 
g('nous lev('l. 

As would be ('xpected, the urinary nitrogen lossi^s increased when 
the lambs were fed the high-nitrogen ration. However, the amoimt 
excrtded was relatively small at the start, showing that nitrogen was 
being n'tained in large amounts, with considerable of it undoubtedly 
remaining in the dig(*stive tract. After approximately the tenth day, 
the nitrogen excretion in the urme did not change greatly. Howevc'r, 
as indicat(»d in figure 1, there was no positive evidence that the lambs 
had reached a fairly constant level of nitrogen (‘xcretion in the urine 
during this 2()-day period. 

The urinary nitrogen dropped immediately when the lambs were 
fed the nitrogen-poor ration. However, as shown in figure 1, it did 
not reach such low levels when the lambs were fed this ration con¬ 
taining 4.49 percent protein chiefly from dried skim milk as vUien 
they were fed a low-nitrogen ration containing 1.05 percent protein. 

It would therefore be obviously incorrect to consider that the 
urinary nitrogen excretion on the nitrogen-poor ration represented 
solely endogenous nitrogen excretion. Without doubt some of the 
nitrogen excretc'd during this period w^as of feed origin. 
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As shown in figure 2, the losses of urinary nitrogen per kilo^am of 
body weight follow the same trend as that of the total urinary nitrogen 
excretion. The greatest drop occurred during the first 10 days. 
After this drop there was no positive evidence that the values for 
endogenous nitrogen per kilogram of weight became progressively 
lower with time. 

Fecal Nitrogen Losses 

Fecal nitrogen losses were also greater when the low-nitrogen 
ration was first fed than after the first 6 or 8 days. This initial high 
excretion of nitrogen in the feces was undoubtedly due mainly to the 
previous higher level of feeding and higher nitrogen content of the 
ration. After this short time, the fecal nitrogen excretion was 
definit(‘ly correlated with the total feed intake on the low-nitrogen 
ration. 

Anotlu'r lag in fecal nitrogen excretion was observed when the lambs 
wen' first fed the high-nitrogen ration. As shown in figure 3, the 
nitrogen losses were appreciably smaller until after approximately 
the tenth day. Following this time the fecal nitrogen losses appeared 
to be mainly correlated with the feed or nitrogen intake. 

The fecal nitrogen dropped to a lower level when the lambs were 
fed the nitrogen-poor ration instead of the high-nitrogen ration. 
However, considerably more nitrogen was ('xcreted than when the 
low-nitrogen ration was fed. This level of nitrogi'ii excretion r('- 
mained more or less constant for each lamb throughout the feeding 
of the nitrogen-poor ration. 

The values for metabolic nitrogi'ii calculatc'd by 2-day periods show 
a strong correlation between feed intake and fe(*al nitrog(*n loss(‘s 
(fig. 4). If the first few periods are omitted, the fecal nitrogen lossi's 
of the lambs on both tin* low-nitrogen and the nitrogi'ii-poor rations 
appear to be governed by the h'vel of feed intake rather than by the 
nitrogen content or by the length of time the lambs were fed the rations. 

The niti’Ogen in the high-nitrogen ration was utilized with high 
('fficiency. During the last 10 days of the high-nitrogen period of 
feeding, lamb 5 retained on an average 2(5.8 percent of the total 
nitrogen in the ration while lamb (5 retained an average of 34.6 percent. 
The percentage of total nitrogen retained by th(' lambs during the 
first 10 days of this period was even greater. 

In a previous experiment at this station {9), in which there were 
no preliminary low-nitrogen periods, lambs fed a ration containing 
approximately 10 percent of protein furnished almost entiri'ly by 
dried skim milk stored 19.8 percent of the nitrogen. Lambs fed a 
similar ration except that it contained linseed mi'al as the source of 
protein stored 22.7 percent of the total nitrogen. These lower values 
for nitrogen storage were obtained even though less protein wras fed 
than in the experiment reported in this paper. Therefore these high 
values for nitrogen utilization were probably due largely to the 
influence of the previous period of low-nitrogen feeding. 

EXPERIMENT 2 
PROCEDURE 

In the second experiment, continuous nitrogen balance data were 
obtained on four lambs. The methods used were similar to those 
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employed in experiment 1, except that the collection of the excreta 
was made at 3-day intervals instead of 2-day intervals, in order to 
lessen the cost. 

Each of the four lambs was fed a ration containing slightly more 
than 10 percent protein during an initial period of 20 days. Lambs 
1 and 2 were fed a ration in whicdi most of the protein was furnished 
by soybean oil meal, while lambs 3 and 4 received a similar ration 
except that it contained corn-gluten meal. Nitrogen balances were 
determined on each lamb during the last 9 days of the period. 

Following the above initial experimental period, each lamb was fed 
a low-nitrogen ration containing approximately 2.75 percent protein. 
The change in ration was made abruptly at a morning feeding and the 
nitrogen balances were continued without interruption. 

The rations used in this period were the same as the low-nitrogen 
basal ration used during the first phase of experiment 1, except that 
sonn* of the starch and sugar was replaced with dried skim milk or 
corn-gluten meal. These protein-rich feeds furnished approximately 
1,2 p(‘rcent protein in the rations, or nearly one-half the total protein, 
witli wh(»at straw furnishing the remaincler. Lambs 1 and 3 were 
fed th(‘ dried skim milk ration and lambs 2 and 4 were fed the corn- 
gluten meal ration. 

Th(‘ original plan was to obtain nitrog(‘u balance data on each 
lamb during an (‘xpi'rimental period of 51 days without change from 
the low-nitrogen ration. Unfortunately, this plan was actually 
followed on only one lamb, as explained in the disemssion of results. 

Ill the last phase of this experiment, each lamb was again fed the 
same ration as at the start. Collections w^re made and nitrogen 
balaiu'cs wen* obtained on each lamb through a period of 39 days. 
Th(‘ rations fed during experiment 2 are given in table 3. 


Tablk 3 .—Percentage romyosition. and average protein oontent of rations 
used in experiment 2 



—~ 

— 

— 



Ulgh-nitrogcu rations 

Low-nitrogen rations 

Ingredients 

Soybean 

Corn-gluten 

Dried skim 

C'orn-gluten 


oil meal 

meal 

milk 

meal 


Percent 

Percent 

Percent 

Percent 

Ci'llulose 

9.0 

9 0 

10.5 

10.5 

Starch - - 

17.78 

18 31 

26 32 

26.83 

Sugar. 

17 77 

18 .30 

26 32 

26.84 

W’heat straw'. 

25 0 

25.0 

25 0 

25.0 

Corn oil 

3 0 

3.0 

4.0 

4.0 

M incrals ‘ 

3 0 

3 0 

4 0 

4.0 

Soybean oil meal . 

(^>rn-gluten meal 

24 45 

23" 39 


2 73 

Dried skim milk-. 

- -- 

1 - - 

3 86 

. 

Total 

UK) (K) j 

1 100. (K) 

j 100 00 i 

100.00 

Average protein content (N X 6.25) 

11 m 

1 10 70 i 

2.73 

2 75 


1 The mineral mixture was made up of 40 percent ground limestone, 40 i)ercent steamed bonemeal, and 
20 iwre(!iit salt. 


RESULTS 

The results of experiment 2 are shown in table 4 and in figures 
5 and 6. 
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All lambs consumed the same amount of the high-nitrogen rations 
during the initial period. Lambs 3 and 4, which W(‘re fe/d the corn- 
gluten meal ration, excrett^d slightly more nitrogen in the urine than 
the other two lambs, which were fed the soybean oil meal ration. 
However, the difference was significant only in the case of lamb 4. 
This lamb proved to be less efficient than the other lambs throughout 
the entire experiment. 

As stated previously, the rations fed each of the four lambs were 
changed abruptly to either the dried skim milk low-nitrogen ration 
or the corn-gluten meal low-nitrogen ration. Lamb 1 was fed tlu' 
dried skim milk ration for a period of 36 days. This lamb refused 
to eat well, especially aft('r the twenty-first day. Because of the* 
low state of nutrition of this lamb and its decided lack of thriftiness, 



10 L- 


I 

0 ILiJ. _Li_i i 1 .1,1 L .LLi,L_Lli_l_iJ....i.. 1 

0 10 20 30 0 10 20 30 40 

DAYS 

Figure 5.— Average daily losses of nitrogen in the urine of lambs when fed 

the high-nitrogen ration. 

this ration was discontinued and the high-nitrog(‘n ration of tlu^ 
next phase of th(^ experiment was fed. 

Lambs 2 and 4, which should have been fed th(' low-nitrogen 
corn-gluten meal ration throughout tliis period, were by error fed tin* 
high-nitrogen corn-gluten meal ration from the eightetmth to th(' 
thirty-sixth day. Immediately following this period during which 
the high-nitrogen ration was fed, the lambs were again fed the former 
low-nitrogen ration. Lamb 3 was fed the dried skim milk low-nitrogeui 
ration for 51 days. 

The lambs in this experiment reacted much as the lambs in experi¬ 
ment 1 reacted when the low-nitrogen basal ration was substituted 
for a high-nitrogen ration. The amoimt of feed the lambs consumed 
was less bv the nmth day or earlier, and they lost weight. These data 
indicate that the declines in feed consumption and body weight were 
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not so severe as in experiment 1 when lambs were fed the low-nitrogen 
basal ration, but were somewhat greater than when the lambs were 
fed the nitrogen-poor ration containing approximately 4 percent 
protein. 

The excretions of urinary nitrogen decreased rapidly for each lamb 
until approximately the ninth or twelfth day. After that time no 
significant trend was evident in the urinary nitrogen excretion by the 
two lambs which were continued on the low-nitrogen rations. In 
the case of lambs 2 and 4, a considerabh^ increase in the urinary 



FiciUre 6.“ Avoraj^o daily U)s.s(‘s of nitrogen in the feces of lambs when fed the 

high-nitrogen ration. 

nitrogen losses appeared in the first 3-day period following the feeding 
of the high-nitrogen ration. Wlien the feeding of this ration was 
discontinued, the lambs again excreted at the low levels of urinary 
nitrogen. Neither lamb excreted as much urinary nitrogen per day 
during this 18-day period as during the initial period when ihp high- 
nitrogen rations were fed. However, the feed mtake was also lower, 
which would account for much of the difference. The average per¬ 
centage of nitrogen intake that w^as excreted in the urine was about 
the same for the two lambs during the last 9 days as during the 
initial 9-day collection period. 
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The fecal nitrogen excretions of the lambs likewise reached a fairly 
stable level by the ninth to the twelfth day of the low-nitrogen period. 
From that time on the fecal nitrogen losses appeared to be more 
closely correlated with feed intake than with the length of time the 
lambs were fed the low-nitrogen ration. 

All lambs regained their appetites fairly promptly wh(m changed 
to the high-nitrogen ration. The feed was \iAd at the same level 
that (*ach lamb had consumed of the ration during the first phase of 
the experiment. Ail but lamb 4 consumed this amount of feed regu¬ 
larly until the end of the experiment. 

Good gains were made by all the lambs when fed the high-nitrogen 
ration. Lamb 4, however, failed to gain as much as the other lambs, 
since this lamb went off feed for a few days during the period. 

The urinary nitrogen excretions rose when the changes in rations 
were made. As shown in figure 5, some time was required for th(‘ 
lambs to become adjusted to the higher feed and nitrogen intakes. 
Th(' urinary nitrogen excretions appeared to become more uniform 
for each lamb by the time the lambs had consumed the desired amounts 
of the rations. However, the lambs excreted somewhat less nitrogen 
in the urine for some time, even after allowing for the lower feed 
consumption and the lag in urinary nitrogen losses. In order to 
study tliis probhmi furtluu* and to remove the effect of slight varia¬ 
tions in th(' nitrogen intake by the lambs, the urinary nitrogen losses 
were converted into the percentage of nitrogen intake that was ex¬ 
creted in the urine. Only the data for lambs 1, 2, and 3, which com¬ 
pleted the 36-day period without going off feed, woro considered. 

The percentage of the nitrogen intake that was excreted in tlu^ 
urine was extremely variable during the first 9 days. However, as 
might be expected, the lambs in each case excreted a Iowct pt^rceiitagi^ 
of the nitrogen intake during this 9-day period than during any of 
the oth(T three 9-day periods. The data for each lamb indicated that 
a lower percentage of the nitrogen intake was excreted in the urinc» 
during the second 9-day period (tenth to eighteenth day, inclusiveO 
than during the third 9-day period (ninteenth to twenty-seventh 
day, inclusive). Treatment of these data statistically by the analysis 
of variance* method (18) shows that this difference is highly significant. 
These results would indicate that a 9- or lO-day intervening period 
following the low-nitrogen period is not (*nough time to enable lambs 
to regain their adequate consumption and reach a normal state* e)f 
nutrition. Therefore, nitrogen-balance data obtaine*d under such 
conditions would result in values for protein utilization Unit woulel 
be too high. 

A comparison of the percentage of nitrogen intake excrete*d in the 
urine by the lambs during the third 9-day period (nineteenth to twemty- 
seventh day, inclusive) with that excreted during the fourth 9-day 
period (twenty-eighth to thirty-sixth day, inclusive) does not show 
a significant difference on the average. In the case of lamb 1, there 
was a marked difference, as the nitrogen losses were appreciably 
greater during the fourth period than during the third period. There 
was practiediy no difference in the data for the two periods for 
lamb 2; fo^ lamb 3, the trend was somewhat reversed. 

As shown in table 4, lamb 1 did not eat the low-nitrogen ration 
as well as the other lambs. ConsequenUy, he lost more weight 
and entered the high-nitrogen period in a m.uch poorer state of nutri- 
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tion. Lamb 2 was undoubtedly in the best state of nutrition, as 
shown by a lower loss of weight during the second phase of the experi¬ 
ment. It is of interest to note that lamb 1 excreted the least urinary 
nitrogen of the three lambs throughout the high-nitrogen period and 
apparently did not reach a stable level of urinary nitrogen losses 
during the coui-se of the experiment. On the other hand, lambs 
2 and 3 apparently reached a more or less stable rate of urinary 
nitrogen excretion sometime during the nineteenth to the twenty- 
seventh-day period. 

With the exception of lamb 2, the lambs failed, in general, to ex¬ 
crete as much nitrogen daily in the urine as they did during the first 
phase of the experiment when eating the same amounts of the same 
rations. These data indicate that the lambs were somewhat more 
efficient in their use of nitrogen as a result of having been previously 
fed rations low in nitrogen. 

The fecal nitrogen losses during this phase of the experiment 
appeared to be well correlated with the feed intake after the first 
few days (fig. 6). No definite conclusions can be drawn concerning 
the relative efficiency with wliich the lambs digested or utilized 
the protein of soybean oil meal and corn-gluten meal. The data 
on tlie nitrogen excretion for lamb 4 are irregular because of irregular 
feed intake. While lamb 3, which was fed the corn-gluten meal ration, 
retainecl slightly less nitrogen than lambs 1 and 2, which were fed 
the soybean oil meal ration, the difference could not be considered 
significant. 

EXPERIMENT 3 

OBJECT 

The object of experiment 3 was to determine the effect that the 
feeding of a low-nitrogen ration may have on the efficiency witli 
which lambs later retain nitrogen. 

PROCEDURE 

Nitrogen balance trials with eight growing wether lambs were con¬ 
ducted to study this problem. Four different test rations and a 
low-nitrogen basal ration were fed. One group of four lambs was 
used in a series of trials in which two hay rations were compared; 
the remaining four lambs were fed two rations having either corn- 
gluten meal or soybean oil meal as nearly the entire source of nitrogen. 

These particular rations were used in order to supplement data 
previously obtained at this station (10, 21). In the earlier experi¬ 
ments, the data indicated a slight superiority of the nitrogen in the 
one-third alfalfa and two-thii’ds timothy ration as compared with 
the alfalfa ration. Also, the nitrogen in the soybean oil meal ration 
was found to be slightly superior to that furnished by the corn-gluten 
meal ration. 

At the beginning of this experiment each lamb was fed one of the 
four rations in place of his usual barn ration. Ten days after each 
lamb was safely on a good level of feeding, nitrogen balance trials 
were begun. 

After each group of four lambs had been fed each of the two rations, 
the low-nitrogen ration was fed. This change of rations was made 
abruptly by changing the rations at a morning feeding. On the 
eleventh day of feeding the low-nitrogen ration the collections for 
nitrogen balances were started. 
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Following the low-nitrogen period, each lamb was fed the same 
experimental ration that he received at the start of the experment. 
Again the change in feeding was made abruptly, and collection of 
excreta was begun on the eleventh day following the change. The 
order of feeding was also the same as in the first part of the experi¬ 
ment. The rations are shown in table 5. 


Table 5. —Percentage cowpoaition^ and average protein content of rations used 

in ejcperiment S 


Ingredients 

Soybean oil 
meal ration 

Corn-gluten 
meal ration 

Alfalfa ration 

alfalfa-?’^ 

1 timothy 
ration 

Low-nitrofiren 

ration 


Percmt 

Percent 

Percent 

Percent 

Percent 

Wheat .straw . 

25 0 

25 0 



25 0 

Cellulose.. . 

Alfalfa. . 

9 0 

9 0 

.M) 0 j 

ifi 7 

10.5 

Timothy. . 

Corn.. - 

1 


34 0 

33 3 
44 4 


Soybean oil ireal . . 
Corn-gluten n eal 

24.3 

23 04 


1 4 2 

- 

Starch ... 

IS 0 

IM 90 

14 0 j 


28 0 

Sugar 

17 7 

IK (N) 1 



28 0 

Corn oil 

3 0 , 

3 00 1 

1 0 i 


4 5 

Minerals i 

3 0 1 

3 00 1 

1 0 ! 

1 4 

4 0 

Total 

KKl 0 1 

KHl.tM) 1 

100 0 1 

100 0 

1 I(K) 0 

Average piotrdn content (N X 

.. ^ 




i 

0 2.')) . 

n 4 : 

11 4 

9 5 1 

9 7 

1 05 


> Tho mineral mixturo (‘onijKKsed of 4(1 poiwnf around 40 permit stoamed bonernoal, and 

20 p(*rcont salt. 


HESUI.TS 

The results of experiment 3 are shown in table (i. 

Table 6. —Swnrnary of digeatibil'ty and utilization of the nitrogen in the rations 

fed in experiment 3 


I Before low-nitroaen period | After low-nitroaenpenod 


Item 

I.ami) 

: i i 

LanibiLamb Lamb; Aver-’,Lamb 
2 13 4 ! flgi' j 1 

Lamb 

2 

LamhiLamb, A\er- 
3 ! 4 age 

Alfalfa ration. 

Pet 

Pet 

Pci, 

Pet 

Pet 

Pet, 

Pet. 

Pet 

Pet. 

Pet. 

Apparent digestibility 

3'otal nitrogen retained 

01 7 

00 8 

00 0 

05 5 

05 0 

55 7 

07 0 

50 0 

05 3 

01 2 

29.0 

10 0 

33 3 

18 4 

24 2 

10 4 

20 7 

29 5 

27 7 

Zi 6 

IJigestible nitrogen retained 

47.0 

24 1 

50 4 

28 0 

37 4 

29 5 

30 9 

52.0 

42 5 

38 7 

Biological value. -. 

74 

58 

75 

60 

07 

07 

03 

79 

71 

70 

Alfalfa timothy 











Apparent digestibility 

05 0 

09.0 

04 8 

07 9 

00 8 

02 1 

09 8 

M 8 

00 1 

04 2 

Total nitrogen retained .. 

19 2 

30 9 

26.2 

18 4 

23.7 

32 7 

29 0 

31 3 

33 4 

31.0 

Digestible nitrogen retaim^d 

29.6 

44 4 

40 4 

27 0 

35 4 

52.7 

41 0 

48.3 

55 5 

49 5 

Biological value ., 

02 

09 

68 

58 

04 

79 

68 

75 

81 

70 


Land) 

Lamb 

Lamb 

Lamb 


Lamb 

J 

Lamb 

Lamb 



6 

6 

7 

8 


6 

0 

7 

8 


Soybean oil meal- 











Apparent digestibility. 

72 7 

71 7 

72 1 

72.0 

72 1 

74 0 

72.2 

65.0 

70.6 

70.6 

Total nitrogen retained ... 

28.5 

18.0 

29.3 

20.1 

24.0 

28.0 

27.0 

31.1 ! 

24.3 

27.8 

Digestible nitrogen retained 

39.2 

25.2 

40.7 

28.0 

33.3 

37.5 

38.3 

47 8 

34.5 

39. 5 

Biological value. 

70 

52 

62 

55 

OO 

08 

02 

09 

01 

65 

Corn-gluten meal: 











Apjyarent digestibility... . 

71.9 

73.0 

09.9 

70.6 

71.4 

71.1 

69,5 

64,5 

08.0 

08.4 

Total nitrogen retained... 

25.0 

32.9 

20.0 

20.1 

26.0 

27.7 

29.7 

31.9 

24.7 

28.5 

Digestible nitrogen retained . . 

34 8 

45.1 

37.2 

28.4 

36.4 

39.0 

42.7 

49.4 

30.0 

41.8 

Bwogioal valub.... 

08 

67 
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The nitrogen contained in the alfalfa ration was digested somewhat 
less efficiently than the nitrogen contained in the one-third alfalfa 
two-thirds timothy ration. The data on digestibility obtained pre¬ 
vious to the low-nitrogen period chtick unusually well with data 
obtained in the ('arlier experiment in which the alfalfa ration was 
found to have an apparent digestibility of 64.5 ±0.71 and the one- 
third alfalfa two-thirds timothy ration an apparent digestibility of 
66.7 ±0.84. There was no difference in the digestibility of the 
nitrog€*n in the soyb(‘an oil meal and in the corn-gluten meal rations, 
although each showed a higher digestibility than either of the two 
hay rations. In nine comparisons the digestibility after the low- nitro¬ 
gen pt^riod was lower by as much as 1 percent than the digestibility 
before the low-nitrogen period. In six comparisons there was no 
diffidence, and in ordy one case was the digestibility higher after the 
low-nitrogen pidiod. A in^atment of these data statistically, by 
Student’s method {18), shows a high mathematical significance. 

The percentage^ of the total nitrogen retained by the lambs aver- 
ag(‘d higher following the low-nitrogen period. There were 5 excep¬ 
tions among the 16 comparisons. A similar statistical treatment of 
these data shows a matnematically significant difference with odds 
of 60:1 that the higher values obtained following the low-nitrogen 
])(diod w(‘re not due to chance alone. 

Th(U-(' was a. somi'what greatid difference in the percentage of 
digested nitrog(‘n retaincHl before and after the low-nitrogen period 
than in thi' percentage' of total nitrogen stored. This greater diflFer- 
ence may be explained by the lower digestibility of the nitrogen 
following th(' low-nitrogen period. The odds were approximately 
300:1 that the greate'r retentiorj of digested nitrogen following the 
low-nitrog('ii period was not due to sampling error. Also, the biologi¬ 
cal values computed from tlu'sc data averaged higher following the 
low-nitrogen period. The odds were approximately 3(00:1 and there¬ 
fore' tlu'se differences were mathematically significant. 

This tixpc'riment was so planned that the nitrogen balance trials 
for two lambs fed ('ach ration were conducted from the eleventh to 
th(' twentieth day, inclusive, following the low-nitrogen period, while 
tlu' trials for the otlu'r two lambs fed the same ration wt're conducted 
from the twenty-first to the tliirtieth day, inclusive. Thus, a compari¬ 
son was possible', on the utilization of the nitrogen between lambs at 
these two intervals of time following the low-nitrogen period. How¬ 
ever, it should be noted that these data are not strictly comparable 
since diffe'rent lambs were used in the two periods. There were 
eight comparisons between these two periods available for study. 

It is of interest to note that the nitrogen losses in the urine for 
thos(' lambs for which data were obtained during the eleventh- to 
twentieth-day period averaged low(‘r than for those which were on 
the collection p('riod during the' twenty-first- to thirtieth-day period. 
The avert\ge apparent digestibility of the nitrogen in the rations for 
the earlier period was also lower than for the later period. On the 
other hand, there was practically no difference in the percentage of 
total nitrogen stored, the percentage of digested nitrogen stored, or 
the biological values. 

The above data agree well with those obtained in the two earlier 
experinu'nts. They show that the greatest effect on the urinary 
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nitrogen losses and the digestibility of the nitrogen occurs just after 
the low-nitrogen period. However, the effect of the low-nitrogen 
period undoubtedly influences the utilization of nitrogen by the lambs 
even after 20 days. In fact, even though the urinary nitrogen 
excretion may reach a fairly stable level within 30 days, the losses 
may still bo lower for a considerably longer time; in other words, 
the lambs may be more efficient than if no low-nitrogen period of 
feeding had occurred. 

Treatment of these data mathematically by means of the analysis 
of variance {18) showed no significant difference in the biological 
values obtained for the alfalfa ration and the one-third alfalfa and 
two-thirds timothy ration. Furthermore, this treatnient of the data 
indicated no significant difference in nitrogen utilization between 
these two rations either before or after the low-nitrogen period. 
Similarly, there was no mathematically significant difference' in the 
biological values for the* soybean oil meal ration and the corn-gluten 
meal ration, either before or after the low-nitrogen period. 

As previously mentioned, earlier experiments indicatc'd a slightlv 
lower efficiency of the nitrogen in the alfalfa ration as comparc'd witli 
the ont'-third alfalfa and two-thirds timothy ration. Since thes(' 
additional data show no significant difference, it may be assumed 
that the earlier results were unduly influenced by oiu' especially low 
value obtained for the alfalfa ration. 

Also, earlier experiments involving three lambs had shown a 
slight superiority of the protein in the soybean oil meal ration as 
compared with the corn-gluten meal ration. Results obtained in 
this experiment indicate that the nitrogen of the corn-gluten meal 
ration was at least fully equal to that contained in the soybean oil 
meal rtition. 


XIENERAL DISCUSSION OF RESULTS 

The three experiments reported in this paper were planned to give 
specific answers to some of the questions which have arisen during 
the several years that quality of protein for ruminants has been uiuh'i* 
intensive study at this station. Although the results obtained apply 
specifically to the problems which arise* when lambs an* used, at least 
some of the same problems would arise with the use of other experi¬ 
mental animals. 

The data reported in this paper indicate that a preliminary period 
of 10 to 12 days is sufficient for lambs to reach a more or less stable 
level of urinary nitrogen excretion after the feeding of a low-nitrogen 
ration. Apparently, this length of time is sufficient to take care of 
the lag in urinary nitrogen excretion which always follows when a 
marked change is made in the protein content of the ration. How¬ 
ever, the authors of this paper are inclined to believe, along with 
certain other workc'rs, that the urinary nitrogen losses determined 
during a collection period of sufficient length, even following such 
a preliminary period, may not necessarily represent the true endog¬ 
enous losses. However, data have been obtained at this station 
on a fairlv large number of lambs and the values tend to average 
consistently around a value of 0.037 gm. of endogenous nitrogen 
daily per Kilogram of weight, even though there have been some 
marked variations within the data. To obtain these values, a low- 
nitrogen ration has been used, which furnished only the small amount 
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of protein that was present in the wheat straw which made up 25 per¬ 
cent of the total ration. 

The low-nitrogen basal ration which has been used at this station 
is considered to be only partly satisfactory. It is not devoid of 

E rotein, and, at the present time, the authors have little hope of 
eing able to formulate an entirely nitrogen-free ration for lambs 
that will be sufficiently palatable for use in such experimental work 
(<S). Therefore, no direct check is possible to determine whether the 
small amount of straw protein affects the endogenous nitrogen values 
or whether the values obtained with this ration truly represent the 
endogenous level. Lambs fed the low-nitrogen ration containing 
25 percent wheat straw are not capable of maintaining good appetites 
or their body weights. Feed consumption usually becomes irregular. 
Undoubtedly, some lambs respond so poorly to this ration that their 
nitrogen losses are not sufficiently reliable to be used safely. 

The addition of dried skim-milk protein to the low-nitrogen basal 
ration in an amount to furnish 4 perctmt protein makes a more palat¬ 
able ration. Becaus(‘ of the higher level of feed intake, as well as 
higher nitrogen intake, the lambs maintain their weights or make 
slight gains in weight. However, contrary to data obtained with 
rats { 14 ), the addition of this protein does significantly affect the 
urinary nitrogen losses. The average value obtained from two 
lambs during the elev(*nth to twentieth day, inclusive, while fed 
the low-nitrogen basal ration was 0.0388 gm. per kilogram of body 
w(ught per day, while the value obtained from the same lambs and 
th(‘ same corresponding period on the nitrogen-poor ration containing 
approximately 4 p(*rcent dried skim milk protein averaged 0.0474 gm. 

Th(‘ addition of only enough dried skim milk or corn-gluten meal 
to furnish approximately 1.2 percent protein likewise improved the 
app(4ites of tlie lambs and their body weights. However, in no in- 
statiee did these lambs have as strong appetites as those fed the 
4 pcucent protein rations, nor could they maintain tKeir body weights. 
The values for the endogenous nitrogen losses from lambs fed either 
<lri(‘d skim milk or coni-gluten meal at the low levels of protein aver¬ 
aged 0.0438 gm. per kilogram of body weight. 

There may b(‘ several n^asons why lambs have responded differently 
tliaji rats. Lambs are ruminants, and might be expected to respond 
differently to various protc'ins and amounts of protein entirely as a 
result of species difference. Moreover, egg rather than milk protein 
has been used largely in rations for rats. However, nitrogen balance 
experiments with lambs at this station {10) have shown that dried 
skim milk protein is as efficient as any common source of protein 
when compared at a 10-percent level. On the other hand, any 
particular protein that is of average quality at a 10-ptTcent level of 
feeding might be utilized nearly 100 percent at a low level. If this 
is true, the quantity of protein furnished would affect the nitrogen 
metabolism of the animals more than would the quality. In the 
experiment reported in this paper, the protein of com-gluten meal, 
fed at a 1.2-percent level, was apparently utilized with the same 
efficiency as the dried skim-milk protein similarly fed, although no 
conclusions were possible from the limited amount of data available. 
The data indicate that neither source of protein at either the 1.2- 
percimt or the 4-percent level was completely utilized. 
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The metabolic nitrogen in the feces appeared to be affecited bnt 
little by the addition of the small amounts of protein. The fecal 
nitrogen losses were higher on the average din ing the periods when 
skim-milk protein or corn-gluten-raeal protein was included in the 
rations, but likewise the feed intake was greater. On the basis of 
dry-matter intake, the fecal nitrogen losses were similar to those 
found when the low-nitrogen basal ration was fed. Apparently, the 
digestibility of the protein was complete or nearly complete at tlu'se 
low levels. 

Evidence was obtained in these experiments that subjecting lambs 
to a low-nitrogen ration influenced their utilization of nitrogen at a 
later date. Even though a 10-day preliminary period following tlu^ 
low-nitrogen period was apparently sufficient time to allow for the 
chief lag in nitrogen excretion following the change to a test ration, 
the effect of the preceding low-nitrogen ration still existed. These 
data indicate that the lambs were more (efficient in their utilization 
of nitrogen because of a lower urinary nitrogcui loss. On the other 
hand, there was a small though significant difference in th(‘ n'verse 
direction in the digestibility of the protein. 

The data indicate further that on the average lambs failed to reac’h 
a more or less stable level of urinary nitrogen losses until somi‘tinie 
after 20 days had elapsed. Furthermore, for at least 30 days aftcM* 
a low-nitrogen period, lambs were more efficient in the use of nitrogen 
than if they had not been subjected to a low-nitrogen pei iod of feeding. 
For some time following a low-nitrogen ration, lambs apparently 
utilize nitrogen with an unusually high efficiency in ordcu* to regain 
nitrogen lost from the body, as well as to regain lost body wtMghl. 
These experiments do not show definitely when this influence ceas(^s t ) 
exist, although they indicate that the period of higher efficiiuicy is 
probably inflinuiced inversely by the length of tim(‘ th(‘ lambs arc* 
fed the low-nitrogen ration or to an even greater extent by the feed 
intake of the lambs and their losses in body weight during this i)eriod. 
On the other hand, if lambs are in a severely Tow state* of nutrition 
at the close of the low-nitrogen period, they may not re'spond well to 
a ration containing ample protein. 

The relative value of the nitrogen in one ration as compared with 
the value of the nitrogen in another is apparently not infiu(*nced b\^ 
a low-nitrogen period of feeding. Therefore*, even though the values 
obtained for the nitrogen utilization following a low-nitrogen period 
would tend to be higher than could be expected normally, the values 
would have a comparative significance with others obtained in the 
same manner, provided the values were obtained after the same 
length of time had elapsed since the low-nitrogen period. 

On the basis of these experiments, the authors believe certain 
modifications should be made in the former methods used in determin¬ 
ing biological values of proteins for lambs. If direct values for endo¬ 
genous and metabolic nitrogen are to be determined for each lamb, 
the necessary period of low-nitrogen feeding should be conducted 
at the end of the experiment and not preceding or during the course 
of the experiment. Following this period on a low-nitrogem ration, 
the lambs should be discarded from future experimental use. 

Also, the authors believe that average values for the endogenous 
and metabolic nitrogen, as determined from a sizeable number of 
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lambs of comparable age and weight, mav be fully as desirable to use 
in calculating biological values as individual values obtained directly 
for each experimental lamb. In the grouping of data, abnormally 
low or high values that may be explained on the basis of extremely 
low feed intake, or other known factors, could be discarded. On the 
other hand, it is difficult to discard data for an individual lamb in 
a small experiment, even though the values appear questionable. 
The variation in values for endogenous and metabolic nitrogen losses 
which commonly appear are probably due more to the manner in 
which the lamb r(‘aponds to the ration, as shown by differences in 
feed intake, health, and condition of the animal, or loss in body 
weight, than to the possible intrinsic differences between lambs in 
their endogenous losses. 

The authors prefer to emphasize the percentage of total nitrogen 
ret aim'd and the percentage of digested nitrogen retained rather than 
biologi(*.al values in expressing nitrogen utilization by lambs. It is 
appreciated that biological values accurately determined would 
give a more' quantitative measurement of the utilization of the di¬ 
gested nitrogen. However, the other methods of expressing the 
efficic'ncy of protein furnish information of as much or more practical 
valiu' and can be determined for lambs with less experimental error. 
Fortunately, in the series of experiments conducted at this station 
the comparative' values between rations have been the same whether 
exfiressed in terms of th<‘ retention of total nitrogen, the retention 
of digested nitrogi'ii, or biological values. In this connection, it 
should be pointed out that no matter whether the results are expressed 
in terms of biological values or of percentages of total or digestible 
nitrogi'u n'tained, it is essential that there oe the same percentagi'S 
of protein in all rations that are compared. 

The experiments reported in this paper have furnished informa¬ 
tion upon the variation within short periods of the urinary and fecal 
nitrogen excretions of lambs. On inspection of th(^se data, it seems 
probable that (‘ollection periods of considerable length are desirable. 
There' may be a doubt as to whether or not 10-day collection pc'riods 
are long enough in nitrogen balance studies with lambs. 

SUMMARY 

Three nitrog(»n balance experiments have been conducted with 
growing wc'ther lambs to study certain problems connected with 
the determination of biological values of protein. Specifically, the 
major problems studied were: (1) The length oi time required by 
lambs to reach an endogenous nitrogen level when fed a low-nitrogen 
ration, (2) the effect on feed consumption, on loss in body weight, 
and on nitrogen excretion of adding a small amount of dried skim 
milk or (‘.orn-gluton meal to the low-nitrogen basal ration, (3) the 
time required by lambs to reach a stable level of nitrogen utilization 
when fed rations containing 10 percent or more protein following the 
feeding of a low-nitrogen i-ation, and (4) the influence of a low-nitrogen 
ration on the accuracy of biological value as heretofore obtained 
with 1 imbs. ^ 

The data reported in this paper indicate that a preliminary period 
of 10 to 12 days was sufficient for lambs to reach a more or less stable 
level of both urinary nitrogen and fecal nitrogen excretion following 
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the feeding of a low-nitrogen ration. Although the minimum urinary 
nitrogen losses may not have been entirely reached within this time, 
the chief reduction in urinary nitrogen losses had occurred. 

The addition of dried skim-milk protein to the low-nitrogen basal 
ration in sufficient amounts to furnish apj^roximately 4 percent or 
1.2 percent protein increased the palatability of the rations and 
resulted in less loss of weight. However, the urinary nitrogen losses 
were greater when the dried skim milk was fed at cither level than 
when the basal ration was fed. Apparently, the nitrogen of the 
dried skim milk was not completely utilized even at these low levels. 
The results in regard to fecal nitrogen losses indicate that the dried 
skim-mifk nitrogen at each level was completely digested and did 
not affect the metabolic nitrogen losses. 

These experiments show further that feeding lambs a low-nitrogen 
ration influences the utilization and digestibility of nitrogen at a 
later date. Lambs were more efficient in their utilization of nitrogen 
because of a lower urinary nitropn loss for at least 30 days after the 
low-nitrogen period of feeding ot 20 days. There was a small though 
significant difference in dig(‘stibility, with the protein being less 
digestible for the lambs following the low-nitrogen period of feeding. 
However, the relative efficiency of the nitrogen between rations was 
not influenced when all comparisons were comparable in regard to 
time following the low-nitrogen period of feeding. The biological 
values as determined for four rations following a low-nitrogen period 
of feeding were higher than the biological values determined for 
these same rations and by the same lambs prior to a low-nitrogen 
period. 
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RESPIRATION AND OXIDASE AND CATALASE ACTIVITY 
OF APPLES IN RELATION TO MATURITY AND STORAGE ‘ 


By Boyce D. Ezell, associate physiologist^ and Fisk Gerhardt, physiologist, 
Division of Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry, 
Agricultural Research Administration, United States Department of Agriculture 

INTRODUCTION 

Certain physiological changes that are taking place in fruit at the 
time of harvest continue after it is placed in cold storage. The imme¬ 
diate effect of low temperature is to retard these processes. If all 
were retarded equally, it might be supposed that the fruit would 
continue to ripen normally, but at a much slower rate. If, however, 
the different processes sliould be unequally retarded, then various dis¬ 
orders might result. That many of the physiological diseases of 
fruits in storage may be due to an unbalanced condition brought 
about by an unequal retardation or stoppage of the various life proc¬ 
esses by low temperature appears probable. The failure of Bose or 
Comice pears to ripen normally after prolonged storage seems almost 
certainly to be caused in this manner. The enzymes in the pears that 
change protopectin to soluble pectin no longer function adequately 
and the fruit remains hard and unpalatable even when external con¬ 
ditions are favorable for ripening. Tliat all the life functions! have 
not ceased is readily shown by the continued production of carbon 
dioxide. Soft scald, scald, and break-down of apples, and core break¬ 
down of pears are ottier cold-storage disorders that may have their 
origin in an unequal slowing down of the various life processes. 

If all these processes are not retarded equally, one might suppose 
that the more rapidly they are taking place at the time^of storage the 
greater would be their divergence from normal and the more serious 
the results. There is some evidence to support this supposition. If 
Jonathan apples are delayed at liigh temperature between harvest 
and cold storage, the life processes, as measured by carbon dioxide 
production, are speeded up, and the fruit is also more subject to soft 
scald when stored at 32° F. A more strikmg example, probably 
caused by unequal retardation of different processe's may be observed 
with Bartlett pears. If pears of this variety are delayed at warm 
temperatures for a few days until the ripening processes are well 
under way and arc then stored at 40°, large amounts of acetaldehyde 
are produced in the tissues, accompanied by a disagreeable odor, ex¬ 
cessive scald, and core break-down. 

In previous work {4, 5) ^ in which various physiological factors 
connected with the development and maturity of Bartlett pears were 
studied, it was shown that the oxidase activity of the fruit decreased 
throughout the growing season. The curves for catalase and respira¬ 
tory activity were U-shaped. The low point on these curves occurred 
at or near the time the fruit should be harvested for best storage aM 
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dessert q^uality. These results might indicate that the rate of meta¬ 
bolic activity at the time of harvest and storage influenced the sub- 
se^ent behavior in storage. 

The present work was undertaken to determine whether there is a 
period at which the various life processes in apples are at a minimum 
and during which the fruit could be harvested and stored with less 
danger from the disorders that often develop in storage. The indexes 
of metabolic activity used were respiration and oxidase and catalase 
activity. These studies, extending over two seasons, were made at 
Wenatchee, Wash. For a review of the literature on respiration and 
enzyme activity, the reader is referred to the publications previously 
cited ( 4 , 5 ). 

MATERIALS AND METHODS 

In order that the fruit throughout the season might be uniform and 
representative of the changes normally occurring as the fruit matures, 
representative trees in good vigor were selected, and the fruit was 
taken from these trees throughout the season. The maturity range 
included fruit sampled from early July to November. Because of 
factors over which the writers had no control, it became necessary 
during the season of 1938 to change the orchard from which the 
Delicious and Golden Delicious varieties were taken. Fruit of these 
two varieties harvested on September 6 and thereafter was taken 
from a different orchard, located in a s%htly later maturing district, 
from those harvested previous to that time. The other varieties were 
taken from the same trees throughout the season, and the Jonathans 
from the same trees throughout both seasons. 

The methods used in determining the rate of respiration and the 
catalase activity were the same as those used previously (5). In 1937 
the oxidase activity was determined iodometrically by the method 
described by Guthrie (5) and in 1938 by that described later by Ezell 
and Gerhardt { 6 ). The rate of growth or weight increase was deter¬ 
mined by the average weight of representative fruits taken for the 
carbon dioxide determinations at each period of sampling. The rate 
of respiration is reported as milligrams of carbon dioxide per kilogram 
per hour, catalase as cubic centimeters of oxygen liberated in 5 
minutes by 5 cc. of juice, and oxidase as cubic centimeters of N/lOO 
sodium thiosulfate per 2 cc. of juice. 

EXPERIMENTAL DATA ' 

RATE OF RESPIRATION AFTER HARVEST 

Early in the work it became evident that the rate of respiration of 
the fruit changed rather rapidly after harvest. The rate and direc¬ 
tion of this change were not uniform throughout the season. Some 
delay after harvest is inevitable. A representative sample must be 
selected from the trees, the fruit must be brought to the laboratory 
and placed in the respiration chamber, and the chamber must be 
sealed and cleared of the carbon dioxide normally present in the air. 
Moreover the temperature of the fruit at harvest will vary with the 

twnperature, and it should be brought to room temperature before 
j^rbon dioxjde determinations begin. Throughout both seasons the 
Jruit WM harvested between 8:30 and 9:00 a. m. and all respiration 
determinations were made at 67° F. unless otherwise specified. Where 
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cold storage is specified, a temperature of 32° was used. In table 1 
the rate of respiration of Jonathan apples at 67°, shown for various 
periods after harvest, changes rather rapidly. The amount of change 
durmg the first 5 horns is unknown but doubtless is appreciable. No 
determinations were attempted during this period, since 5 hours ^ter 
harvest was believed to be the minimum time necessary under the 
conditions of these experiments for setting up the respiration chambers, 
clearing the container of the carbon dioxide normally present in the 
air, and bringing the fruit to the temperature of the storage room. 
When the differences between the temperatures of the fruit and the 
storage room were large, as on October 18 and 20 and November 7, 
even more time might have been desirable. 

Table 1. —Rate of respiration of Jonathan apples at 67^ F. daring various periods 

after harvest 


T)at(‘ 

! 

Period after harvest 

Respira- 
tion as 
COj per 
kilo^ani 
per hour 

l)al4? 

Period after harvest 

Respirs' 
tion as 
COj per 
kiloRi^ 
per hour 

Sept. 8 .. 
H 

9 

Hours 

6 aiwJ 7 . .. - - 

MUliffranu 

19.12 

Sept. 9.. 
10.. 

Hours 

32 to 34, inclusive. 

MUigrams 

15.14 

12 to 14, inclusive.. 

25 to 27, inclusive. 

17.20 
15 55 

49 to 51, inclusive.... . . 

74 to 76, inclusive. 

15.47 

16.87 

1 



Figure 1 shows graphically the rate of respiration after harvest 
throughout the gi'owin^ season of the four varieties of apples studied 
during 1938. In arriving at the values plotted, the carbon dioxide 
determinations began at the end of 5 and 24 hours and usually ran for 
3 hours. The values plotted are the average for the 3 hours. These 
values show that the direction and the amount of changes were not uni¬ 
form throughout the season and that both may vary with the variety. 
However, in general it may be said that during the early part of the 
gi’owing season the rates of respiration of the varieties studied de¬ 
creased in the period between the 5-hour and 24-hour determinations. 
During the middle part of the season an increase took place durii^ 
this time in all the varieties except Jonathan, and in the latter part 
of the season an increase occurred in all varieties during this period. 

These results are of interest because they show that the time elapsing 
between harvest and the first determination of respiration may alter 
considerably the shape of the early part of tlie respiratory curve, and 
unless the elapsed time is known and kept constant, erroneous con¬ 
clusions may be drawn when comparing different maturities or varieties. 
Also, if the complete picture of the respiratory ciu've of fruit in storage 
is to be obtained, it is necessary that determinations be made at 
shorter periods after harvest than has sometimes been done in the 
past. 

The air temperature before harvest m^ht be expected to influence 
the rate of respiration to some extent. Ii so, the effect seems to hshre 
been largely lost, or relegated to a position of minor importance, within 
5 hours. The minimum temperatme the night before harvest was 
approximately 45° F. on August 8, September 8, and October 6; yet 
on August 8 and September 8 the respiration of Jonathan apples 
decreased between the 5-hour and the 24-hour determination and 
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increased on October 6, Respiration 
of Yellow Newtown increased during 
this time on all dates, but,the amount 
of increase was much greater on the 
latter date. Tests showed that the 
internal temperature of the fruit had 
reached the temperature of the stor¬ 
age within 5 hours under the condi¬ 
tions of these experiments and thus 
precludes tlu‘ possibility that the dif¬ 
ference in respiration was due to a 
difference in the temperature of the 
fruit. 

In order to determine the amount of 
variation to b(‘ expectc^d in sampling 
and in the measurement of the re¬ 
spired carbon dioxide, triplicate lots 
of Yellow New town apples were har¬ 
vested on August 8 and th(‘ rate of 
respiration was determined. Tliese 
results (table 2) may be iaktui as an 
indication of how closely the com¬ 
posite samples used in the respiration 
experiments reflect the rate of respira¬ 
tion of all the fruit on the tree. Their 
uniformity precludes the possibility of 
the wide differences in respiration dur¬ 
ing the season being due to errors in 
sampling and in the measureimuit of 
the respired cai'bon dioxide. 

RATE OF RESPIRATION AND ENZYME ACTIV¬ 
ITY DURING THE GROWING SEASON 

During 1937 Jonathan and Winesap 
apples grown at elevations of 850 and 
2,400 feet were used. Samples were 
taken at intervals from July 14 to 
November. On November 2 approx¬ 
imately 90 percent of the Winesaps 
had dropped, and 8amplin|^ of this 
variety for respiratory activity was 
discontinued. The last sampling of 
Jonathans for respiratory activity was 
taken November 15, approximate!v 8 
weeks after commercial harvest. One 
additional sampling for enzyme activ¬ 
ity was made where fruit was available. 
Figures 2 and 3 show the rate of res¬ 
piration and oxidase and catalase 
activity of the two varieties. 


Figure 1.—Minimum temperature on night before harvest (A) and changes in 
‘ the rate of respiration of Jonathan (B), Delicious (C), Golden Delicious (/>), 
and Yellow Newtown (E) apples during the 1938 growing season. 
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TaAle 2. —Mate of respiration in triplicate S6-fruit lota of Yellow Newtown apples 


Date 

Period after harvest 

1 

Respiration as COa per kilogram per hour 

Lot A 
<2,792 (tm.) 

Lot B 
(2,568 gm.) 

I,ot C 
(2,768 pn.) 

Au?. H . i 

tt. 

«. 

Hourtt 

7 to «, inclusive . 

24 to 28, inclusive. ... 

27 to 29, Inclusive .. 

MUligrarM 

10. OH 
11.57 
11.85 

MiUigram 
10.11 
11.01 
12 00 i 

1 

MUligrums 

10 61 
11.65 
11 4» 

1 


With Jonathans the rate of respiration decreased in the early part 
of the season and reached a minimum about the middle of September 
at approximately the time the fruit would be harvested commercially. 
The rate of respiration then increased as maturity advanced and 
finally decreased late in the season. The final decrease started when 
vascular water core became evident in appreciable amounts; slight 
water core was noticeable 10 days earlier at the higher elevation. 
Oxidase activity decreased until past the commercial harvest season 
and then increased slowly. This increase coincided with the develop¬ 
ment of water (!ore in the tissue and may have been caused by the 
accumulation of anaerobic respiratory products in the waterlogged 
tissues; alcohol has been shown to exert a stimulatory action on 
oxidase activity ( 5 ). Catalase activity increased throughout the 
season except at. the last sampling at the low elevation, at which 
time the fruit was showing medium to severe tissue and vascular 
water core. 

Tile Winesap variety behaved similarly to Jonathan. The respira¬ 
tion decreased at. first and later increased; oxidase activity decreased 
and then increased as maturity advanced. The Winesap water- 
cored severely and dropped from the tree, so that it was impossible 
to continue the test mu(di past the commercial haJtvest season. 

Since fruit grown at 850 feet and 2,400 feet showed the same general 
trend in both varieties, only fruit grown at 850 feet was used in 1938, 
and four varieties (Jonathan, Delicious, Golden Delicious, and Yellow 
Newtown) were studied. Jonathan and Golden Delicious are sus¬ 
ceptible to soft scald; I^elicious and Yellow Newtown are not. How¬ 
ever, Delicious is susceptible to storage scald, especially if harvested 
before it is fully mature. Beginning eai'ly in July, respiration and 
oxidase and catalase activity of tlie four varieties were followed during 
the reimiinder of the season. The results are plotted in figures 4 to 7. 

It will be seen from figures 4 to 7 that at tM beginning of the test 
the rate of respiration was comparatively high in all varieties, but that 
it decreased rapidly, approaching a minimum around the middle or 
latter part of August, several weeks before the fruit was ready to be 
harvested commercially. Respiration remained near the minimum 
for several weeks, and in the case of Jonathan and Delicious for the 
rest of the season, if the rate beginning 5 hours after harvest is taken 
as the accepted one. In Yellow Newtown and Golden Delicious, 
however, respiration increased in the latter part of the season.' The 
respiration as determined 24 hours after harvest increased in all 
varieties late in the season, and the curves based on the data are 
U-shaped. 
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Oxidase activity decreased 
from early July until the 
fruit was ready for harvest. 
In Jonathan and Yellow 
Newtown oxid^ activity 
contmued at this low rate, 
but in Delicious and Golden 
Delicious oxidase activity 
increased near the end of 
the sampling period, after 
the commercial harvest sea¬ 
son was over. 

Contrary to its behavior 
in Bartlett pears (4), catalase 
activity started low in all 
varieties and increased as 
the season progressed. In 
Jonathan and Yellow New¬ 
town the increase was slow 
and uniform throughout the 
season, but in Delicious and 
Golden Delicious the rate of 
increase was more rapid in 
the latter part of the season. 
Tliis period of rapid increase 
started before the fruit was 
commercially mature and 
continued as long as the 
fruit remained on the tree’ 
The magnitude of catalase 
activity late in the season 
was also much greater in 
Delicious and Golden 
Delicious than in Jonathan 
and Yellow Newtown. 

SEASONAL DIFFERENCES IN RES¬ 
PIRATION AND ENZYME ACTIVITY 

Jonathan apples from the 
same trees were used during 
two seasons. The rates of 
respiration and the oxidase 
and catalase activity are 
shown in figure 8. It will 
be seen that although there 
are variations, the general 
trends are similar for the 2 
years. Catalase started low 
and increased throughout 
the season. At the time of 


Figure 2.—^tlste of respiration beginning 5 hours after harvest (.<4) and catalase 
activity (B) and oxidase activity (C) during the growing season of Jonathan 
apples grown at two elevations, 1937. 
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the first sampling the ac¬ 
tivity of this enzyme was 
about the same m the 2 
years, but in 1937 the in¬ 
crease was more rapid and 
reached a greater height. 
The oxidase activity de¬ 
creased during both sea¬ 
sons, and, although the 
curves indicate a close 
correlation between the 
two seasons, in reality the 
activity in 1938 was rel¬ 
atively less, as the ascorbic 
acid substrate used that 
year is more readily oxi¬ 
dized than the glucose- 
derivative substrate used 
the previous year { 6 ). 
The increase that occurred 
late io the 1937 season was 
not so evident in 1938. 
Respiration started at a 
liigh rate and decreased 
rapidly until mid-August, 
and although there was 
some variation between 
sampling dates, in general 
the respiratory activity 
remained near this level in 
1938. In 1937 respiratory 
activity dropped in late 
September and then in 
creased more than doubl¬ 
ing the minimum rate 
within 30 days. After this 
rise it decreased about as 
fast as it had increased. 
This increase coincided 
with, or followed closely, 
the appearance of water 
core, which became evi¬ 
dent in early October and 
was medium to severe by 
October 22. The follow¬ 
ing year the water-cored 
condition was not evident 
quite so early, but it had 
become severe by October 
20, without resulting in an 



Fiourb 3.—Rate of respiration beginning 5 hours after harvest {A) and catalase 
activity (fi) and oxidase activity (O during the growing season of Winesap 
apples grown at two elevations, 1937. 
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increased rate of respiration. Thus the effect, if any, of the water 
core on respiration is not clear. 

EFFECT OF MATURITY AT HARVEST ON RESPIRATORY AND ENZYME ACTIVITY IN 

STORAGE 

To determine the effect of maturity on the respiratory and enzyme 
activity at ha,rycst and on their subsequent behavior in storage, 
Jonathan, Delicious, Golden Delicious, and Yellow Newtown apples 



JULY AUG. SEPT. OCT. NOV 

Figure 4.—Respiration rate, o.\idase and catalase activity, and rale of growth 
of .fouathan apples during the growing season, 1938. 

were picked at the beginning of, toward tlie middle of, and at or near 
the end of the commercial harvest season and placed immediately in 
storage at 32° F. The dates of harvesting and pressure tests ari' 
given in table 3. Figures 9 to 12 ahow the rate of respiration and 
enzyme activity in storage of fruit of the three maturities. Fruit 
-picked for storage at the beginning and near the middle of the com¬ 
mercial harvest season showed little difference iii rate of respiration 
in storage, although that of the second picking showed a slightly 
higher initial rate (determined 1 day after storage at 32°) and in 
general was slightly liigher in storage. The third picking, made after 
most of the fruit had been picked commercially, showed definitely 
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greater initial activity and also a greater activity in storage than the 
two earlier pickings. Fruits of thiamaturity also showed the greatest 
range in respiration in storage. The greatest catalase activity and 
the lowest oxidase activity in storage were usually found in the fully 
matured fruit. 
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Fkjure 5. — Respiration rate, oxidase and catalase activity, and rate of growth of 
Yellow' Newtown apples during the growing .season, 1938. 


Table 3 .—Date of picking and pressure test of fruit stored at 32° F. immediately 

after picking 


Variety 

Picking 

Pressure 

test 

Variety 

Picking 

1 

Pressure 

test 

Order 

Date 

Order 

Date 




Pounds 




Pounds 


(First .. 

Sept. 12 

17.1 


First. 

Sept. 8 

17.6 

Delicious. 

{Second .. 

Sept. 26 

16.1 

Jonathan. 

Second 

Sept. 20 

16.3 


iThird-.-. 

Oct. 18 

14.8 


Third. 

Oct. 20 

15.7 


First. 

Sept. 12 

17.4 


First ... 

Sept. 16 

2a5 

Golden Delicious. 

{Second---- 

Sept. 26 

16.0 

Yellow Newtown.. 

Second- . 

Oct. 6 

18.0 


(Third. 

Oct. 18 

14.0 


(Third 

Oct. ^ 

17.8 


492552—42-2 
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DISCUSSION 

Results from this study indicate that there is no sharply defined 
period at which the metabolic activity of apples, as indicated by 
respiration and oxidase and catalase activity, is at a minimum and at 



Figube 6. -J^spiration rate, oxidase and catalase activity, and rate of growth of 
Golden Delicious apples during the growing season, 1938. 


which the fruit may be harvested and stored with least danger from 
physiological disorders. As the fruit matures the values for the rate 
of respiration, as determined 24 hours after harvest, form a U-shaped 
curve, but the base of the curve is rather broad and is reached berore 
the fruit is ready for harvest. 
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In the present study it was shown that the time elapsii^ between 
harvest and the measurement of the respired carbon dioxide affects 
the rate of respiration and may change the shape of the respiration 
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Figure 7. —Respiration rate, oxidase and catalase activity, and rate of growth of 
Delicious apples during the growing season, 1938. 

cmve. If the measurement is begun at the end of 5 hours aft^ 
harvest, Delicious does not show the increase in the latter part of the 
growing season, and consequently the curve for the values is not 
U-shaped (fig. 7). In Golden De licious (fig. 6), in Yellow Newtown 
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(fig. 5), and in Winesap (fig. 3) a definite increase is noted even after 
5 hours. With Jonathan-an increase is noted in one season (fig. 2) 
and none in the other (fig, 4). But if the period elapsing is extended 
through 24 hours, definite U-shaped curves are observed in all cases. 

Even where an increase is 



observed after 5 hours, the 
increase is much greater 
after 24 hours. Gore (7) 
reported that there was no 
stimulus in rate of respira¬ 
tion of peaches due to pick¬ 
ing from the tree. If this 
is also true for apples, then 
it seems logical to assume 
that the sooner after har¬ 
vest the measurement i s 
made the more closely it 
should represent the rate at 
harvest, and it is possible 
that if the determination 
were made immediately 
after harvest no increase 


301-“I--~T-r--- during the season would be 

noted in any variety. How- 

2 s-ever, a U-shaped curve, 

j determined 6 hours after 

^ 2 Q_/_ harvest, has previously 

i ^ been reported for Bartlett 

s / pears (5). 

I ,5 Other workers also have 

® reported a decrease in res- 

5* ,0 --piration during the growth 

of the fruit with a later in- 

9 __crease as the fruit ap- 

proached maturity. Kidd 
[1) stated that respiratoiy 

' _ ~ _ _ activity of apples is 

, 5 -^ ^ greatest at the beginning 

1 fs^ of fruit formation, falls to 

I 10 -^—-about one-fifth at the end 

I division (fruit about 

g 5-the size of a walnut), and 

5 -- continues to decrease slowly 

I I I I I I I during cell enlargement. 
JULY * * ** During maturation a crit- 

T. « c. , change m respiratory 

r IQTJRE 8.—beasonal differences in rate of res- nptivitv neciirq nnd thoro 
piration (X), in cataiase activity (fl), and occurs, and mere 

in oxidase activity (C) of Jonathan apples. ^ sharp riSC^ followed^ by 

a slow decline during 
senescence. Gustafson (8) found that with tomatoes the carbon 
dioxide production reached a minimum about the time of cessation 
of growth ind then increased to a maximum when the fruits were 
orange to red in color. Finally there was a subsequent decrease ‘‘as 
tlie tomato approaches a condition of a mixture of carbohydrate and 


Fiqtjre 8.—Seasonal differences in rate of res- 
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water/^ In his work approximately one-half hour intervened be¬ 
tween harvest and the beginning of the respiration determinations. 
Matsumoto {15) reported that with peaches the minimum rate of 
carbon dioxide production occurred at the period of maximum growth 



087765766 
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Fkutre 9.—Effect of maturity at harvest on rate of respiration {A), on 
catalase activity (B), and on oxidase activity (O of Jonathan apples during 
cold storage. 

and then increased until the. fruit was overripe, 15 or more days later. 
Unfortunately, he did not state how soon the respiration studies were 
started after the fruit was picked. He also reported that pears and 
apples showed a similar trend in respiration, but that with Satsuma 
oranges the rate of respiration was lowest in the least mature fruit and 
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gradually increased as the fruit approached maturity. However, 
since his data for Satsumas covered only the last 3% months of the 
growing season of the fruit, it appears quite probable that had he 
extended his observations over a greater part of the growing period 
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Figure 10. —Effect of maturity at harvest on rate of respiration (.4), on 
catalase activity (B), and on oxidase activity (C) of Delicious apples during 
cold storage. 

the curve obtained would also have been U-shaped. That this is true 
is suggested by the fact that the growth-rate curve of Sateuma 
oranges declines throughout the period covered. His data with the 
other fruits show that the growth rate begins to decline about the 
time the respiration begins to increase. 
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This change in rate of respiration of fruit during the harvest season 
and the subsequent effect in storage assume added interest when viewed 
from the storage standpoint. The rate of respiration determines the 
amount of heat generated by the fruit and must be taken into consider¬ 
ation in determining the amount of refrigeration necessaiy for jjroperly 
storing or precooling the product. The results reported in this stud^ 
show that the rate of respiration, and consequently the heat of respi- 



Fioube 11. —Effect of maturity at harvest on rate of respiration (.A), on 
catalase activity (B), and on oxidase activity (C) of Golden Delicious apples 
during cold storage. 


ration, is not a stationaiy^ and definite figure for apples. Maturity, 
as well as the time elapsing between harvest and storage, exerts a 
considerable influence, and more refrigeration will be necessary for 
fully mature fruit than for fruit picked at a less mature stage. 

In the present work the respiration measurements were made at a 
higher temperature than the minimum air temperature the night 
bCTOre harvest (fig. 1). Several workers have noted that when plant 
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tissues are moved from a lower to a higher temperature the rate of 
respiration increases to a point above that at which the tissues would 
nonnally respire at the higher temperature but that it later falls to 
the rate normal for the temperature. Willaman and Brown (16), 
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FiciVHE 12.—Effect of maturity at harvest on rate of respiration (A), on 
catalase activity (B), and on oxidase activity (C) of Yellow Newtown 
apples during cold storage. 


working with apple twigs, ascribed their results to a lower solubility 
of the cafbon dioxide in the cell sap at the higher temperature, with 
a consequent release of the excess gas. Magness and Ballard (IS) 
found no increase with Bartlett pears other than could be accounted 
for by the slightly riper condition of the cold-storage fruit. Harding 
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{10) studied the ejffect of alternating temperatures on the rate of 
respiration of Grimes Golden apples and concluded that ‘‘The rate 
* **' * was neither stimulated nor depressed further (after the 

fruit samples had reached temperature equilibriums of 50® and 30° F.) 
than the respiration rate of fruit held constantly at the two tempera¬ 
tures.” Madness and Burroughs {14) noted no difference with Wine- 
sap and Baldwin apples that could be ascribed to stimulation by low 
temperatures. However, Burroughs (S) reported some stimulatory 
effect on Wagener apples, especially in immaturely picked fruit. 
Kimbrough {12) reported a definite increase in respiration with 
potatoes, more excess carbon dioxide being given off than could be 
dissolvecl in the water of the potato at the storage temperature. He 
also determined the ratio of carbon dioxide to oxygen of the increased 
respiration and found it to be approximately 1, indicating that the 
excess was due to increased respiration rather than to dissolved carbon 
dioxide. Appleman and Smith {2) studied the effect of previous cold 
storage on a number of vegetables and found a definite stimulation 
with potatoes but no detectable increase with carrots. They con¬ 
cluded that the degree of stimulation varied with the vegetable and 
that those vegetables in which the percentage of starch was relatively 
high and in wliich there was a rapid shifting of the carbohydrate 
e(iuilibrium with temperature changes were the ones that showed the 
greatest in(;rease in initial respiration when they were transferred from 
a low(‘r to a higher temperature. With potatoes Kimbrough {12) 
found that a storage period of about 3 weeks at the low temperature 
was necessary for the maximum stimulation when the tubers were 
moved to a higher temperature, and that the maximum respiration 
occurred on the second or third day after removal. 

In the discussion of figure 1 (p. 456) it was pointed out tha t the mini¬ 
mum temperature the night before harvest was approximately 45° F. 
on August 8, September 8, and October 0, but that the respiration of 
Jonathan apples decreased in the period between the 5-hour and the 
24-hoiir determination in the first two instanc(»s and increased in the 
last. This difference might indicate that maturity affects the time 
necessary for stimulation to take place. This conclusion, however, 
is opposed by the fact that the respiration of Yellow Newtown, a 
later maturing variety, increased in each instance. The divergence 
betweeii the 5-hour and the 24-hour periods was gi’eatest in the latter 
pai t of the season. Since this in general is the period when the lowest 
minimum temperatures were experience<l. with a consequent greater 
increase from the minimum to the tem]'(iature at which the respira¬ 
tion was determined, perhaps a greater stimulation could be expected. 
From a review of the literature it appears extremely doubtful whether 
the fruit used in these experiments, if stimulated at all by change in 
temperature, was stimulated more than can be explained by the dis¬ 
solved carbon dioxide in the cell sap. The results with potatoes where 
increased metabolic activity is probably connected with the trans¬ 
formation of sugar to starch may not be applicable to apples. At any 
rate it would be hard to explain satisfactorily^ the rise in respiration 
late iii* the season on the basis of stimulation due to increase in 
temperature. 

The decrease in oxidase activity during the growing season is in 
agreement with the writers’ results with Bartlett pears {4) and with 

492552—42-3 
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the results of Hinton {11) with apples. The catalase activity of 
apples increased during the growing period in contrast to that of 
pears, for which the vdues formed a U-shaped curve (4). If there is 
high catalase activity in apples when the fruits are very small, it 
drops off much earlier than it does in Bartlett peai*s, for there was no 
indication of it in these studies. The results obtained in the present 
work offer additional evidence that oxidase and catalase activity are 
not directly correlated with respiration or with each other (5). 

Scald or soft scald of apples did not occur in the lots used in these 
experiments, so no direct conclusions can be drawn as to the relation 
of rate of respiration and enzyme activity at harvest to their develop¬ 
ment in storage. Since the respiration and enzymatic curves are so 
similar in varieties subject to soft scald and in those that are not, it 
appears doubtful whether the susceptibility of different varieties is 
due to differences in the rate of respiration or in oxidase or catalase 
activity at harvest. 

SUMMARY 

The effect of matmity on the rate of respiration and on the oxidase 
and the catalase activity of apples has been studied. 

Respiration decreased during the early part of the growing season 
and reached a minimum prior to the commercial harvesting of the 
fruit. The time intervening between harvest and the measurement 
of the respired carbon dioxide may determine whether or not a later 
increase is shown. 

Oxidase activity decreased during the gi*owing season and may or 
may not increase if the fruit is left on the tree past the normal harvest 
season. 

Catalase activity increased throughout the period from July to 
November. 

Fruit harvested when fully mature usually showed a higher respi¬ 
ratory activity, a higher catalase activity, and a lower oxidase activity 
in storage than did fruit picked when less mature. 
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FACTORS DETERMINING THE REDUCTION IN YIELD 
OF FIELD CORN BY THE EUROPEAN CORN BORER ‘ 

By L. H. Patch, associate entomologist, Division of Cereal and Forage Insect In* 
vestigations; G. W. Still, associate entomologist, Division of Fruit Insect In* 
vestigations; M. Schlosberg, associate entomologist; and G. T. Bottoer, assist* 
ant entomologist. Division of Cereal and Forage Insect Investigations, Bureau of 
Entomology and Plant Quarantine, AgricuUural Research Administration, United 
States Department of Agriculture^ 

INTRODUCTION 

With the development of severe infestations of the European corn 
borer {Pyrausta nvMUdis (Hbn.)) in the cornfields of Canada and the 
United States, questions aro^ regarding the reduction in yield 
resulting from definite populations of borers and also regarding the 
effect Of plant development at the time of attack. The type and fer¬ 
tility of the soil were other factors that required consideration. All 
this information was needed as a guide in measuring crop losses and 
developing and interpreting control methods. It was also important 
to determine whether strains of com {Zea mays L.) exist that will 
maintain their yields in the presence of a given population of borera 
to a greater degree than other strains of equal yielding capacity. Inci¬ 
dental to the study of these primary factors the data obtained pro¬ 
vided an opportunity for studying the effect of the normal yield and 
the weather on borer damage. 

The relation between type and fertility of the soil and yield of corn 
at definite borer populations was studied in northwestern Ohio with 
the variety Clarage from 1929 through 1933. The relation of plant 
development at the time of infestation and of the strain of corn to 
reduction in yield were studied primarily with hybrids and open-poUi- 
nated strains of cnm at Sandusky and Toledo, Ohio, from 1930 through 
1934. 

METHODS 

Several methods for determining the reduction in yield of plants 
containing different numbers of borers were tried. One method de¬ 
pended on obtaining the average yields of groups of plants containing 
the same number of borers in each plant and then comparing th^e 
yields with those produced by uninfested plants of the same strain. 
However, the moths’ habit of laying more eggs on the taller, thriftier 
plants, which gave greater yields, and the liigher rate of borer sur¬ 
vival on such plants were complicating factors. Finally, the use of 
average yields and borer populations from plants in replicated plots 
was found to be the desired method. Different borer populations 
were induced by infesting the plants by hand with egg masses produced 

» Received for piiblicatiou February 23, 1942. 
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in the laboratory according to methods described by Patch and Peirce.® 
The eggs hatched within a day of their placement on the plants. The 
date of hatching was about 9 days later than the average date for 
eggs laid naturmly. This delay is believed to have reduced borer 
damage, for it is shovm later that the reduction in yield of plants 
becomes less as the stage of development at this time becomes more 
advanced. 

Each replicated plot was divided into as many equal subplots as 
there were borer levels planned for in the experiment. Each subplot, 
except one left for natural infestation, was infested with a definite 
number of egg masses per plant, the number depending on the borer 
population desired. To keep newly hatched larvae from being wind¬ 
blown from higher to lower infestation levels, the infestations in the 
subplots decreased from left to right in the row of plots on the left side 
of the experimental field, but increased from left to right m the row of 
plots next to the right, and this alternation was repeated across the 
field. Prior to the migration of many full-fed borers in August, a 
sample of plants from each subplot was dissected to determme the 
mean number of borers per plant for each population level. The 
number and size of the replicated plots, the number of population 
levels, and the size of the plant samples varied with the experiment. 
In most of the tests with the Clarage variety 5 population levels were 
replicated 3 or more times, from 30 to 50 plants per population level 
were dissected to determine the mean borer populations, and about 
300 plants per borer level remained for yield determination. In the 
tests with the hybrids sainples of 150 plants were adequate for the 
determination of yields. The yields were calculated in bushels of 
shelled corn per acre on the basis of a moisture content of 15.5 percent. 

RELATION BETWEEN YIELD OF CORN AND BORER POPULATION 

In areas heavily infested vrith the borer, it appeared to some 
observers that a slight reduction in yield due to the borers occurred in 
fields infested with less than about 5 borers per plant and that increas- 
ingly greater damage was caused as the borer population increased 
above this level. To determine whether the regression of yield on 
borers was linear or curvilinear, the average yields for the hybrids for 
the years 1930, 1931, and 1932 were plotted against the different borer 

f iopulations. Yields for Clarage were also plotted against borer popu- 
ations, but in this case the results for each of 3 degrees of soil fertility 
were averaged for the entire period 1929-32. From a supplementary 
experiment with Clarage and Smoky Dent in 1931 and 1932, data for 
various population levels up to 22.5 borers per plant were available. 
Inspection of each year's data obtained from Clarage and Smoky 
Dent indicated a linear relationship, which justified their combination 
for graphical presentation in figure 1. In the case of the hybrids, 
however, the data from the individual hybrids for each year were not 
extensive enough to warrant a test of linearity, but a grouping of all 
hybrids for each year, as was done for figure 1, indicates a Imear rela¬ 
tionship. The conclusion may be made, therefore, that in the case of 
Clarage and Smoky Dent, and possibly in the case of the hybrids, the 
reduction in the yield of corn was proportional to the number of com 
borers per plant. 


» Patxjh, L. H., ana Peirce, L. L. laboratort pRomrcrioN of clusters of European corn borer 
EGOS FOR USE IN HAND INFESTATION OF CORN. Jour. EcoD. Ent. 26:196-204, Ulus. 1933. 
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EFFECT OF NORMAL YIELD 

While the elffect of plant developinent at the time of borer attack 
and the eflPect of soil type and fertility on borer damage were being 
studied, it became apparent that direct comparisons were possible 
only when the estimated normal yields in the absence of borers were 
about the same. For this reason the effect of level of yield is discussed 
first. 

The direct effect of yield level on the yield reduction per borer per 
plant was first observed on plantings of 24 hybrids at Sandusky and 
Toledo, Ohio. Five plantings were selected for study. Since in one 
planting the hybrids yielded from 57 to 105 bushels per acre and in 



CORN BORERS PER PLANT 


Fioi'ee 1. —KelatioiiEhip between yield of corn and level of borer population 
induced experimentally. In the cane of ClaraRe, 192&-32, plotted data from 
three levels of soil fertility are .shown a.s follows: No fertilizer by squares, a 
single application of fertilizer by crosses, and a double application of fertilizer 
by circles. 


another they yielded from 85 to 140 bushels, each planting included 
the ranp from 85 to 105 bushels. 'Hie average rate of yield reduction 
(B) in bushels per acre for each unit increase in borers and the esti¬ 
mated yield in the absence of borers (vl) w^ere calculated for each hy¬ 
brid. In almost all cases the lowest poptdation level was approxi¬ 
mately 1 or 2 borers per plant; hence these estimates could be made 
with some confidence. The regression o{ B on A was then calculated 
for each planting (table 1). With the mean regression coefficient 
(-t-0.078±0.0129), the mean yield of the five plantings (^1=99.3 bush¬ 
els), and the mean yield reduction per borer per plant (B=3.69 
bushels), the calculated yield reduction (B') was found to average 2.57 
bushels when A was 85 bushels and 4.13 bushels when A was 105 
bushels. Expressed in percentages, the rates of yield reduction were 
3.02 and 3.93 percent when the normal yields were 85 and 105 bifel els, 
respectively. 
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Table 1. —Regression of yield reduction per unit of borer infestation (B) on the 
estimated yield of hybrid field corn in the absence of borers (A)^ Sandusky and 
Toledo, Ohio, 1931-34 


Planting date 


Hybrids ‘ 

.\voragc 
yield per acre 
in absence of 
borers (A) 

Average 
l>er-acre yield 
reduction 
per borer per 
plant (if) 

Regression of 
if on ^ 

May 25, 1931.. _ 


Number 

15 i 

Butthels 

82 0 

BuAheU 

2.97 

Busheh 

+0.052±0.0197 

May 13,1932. 

— 

22 

120.8 

4.05 

+ 070± .01.36 

May 26,1933 ^ - . . 


11 

99.3 

3.30 

+ 058± .0205 

May 17,1934 - . . 


17 

96.6 

3.61 

•f.095± .0413 

May .31,1934_ . ... 


18 

97 9 

4. .53 

+ 115± .0,384 

Mean . ..... 

- 


99.3 

3 69 

-f-.078±: .0129 


1 Hybrids having a statistically signiflrant value for fi were used. 

8 Since the mean values of and B for the May 19 and June 2 plantings were near'y the same, data from 
both plantings were considered as one set. 

Studios of the relation between level of yield and unit reduction in 
yield due to the borer under variable conditions of weather and soil 
fertility were made also on plantings of the Wooster strain of Clarage 
corn in several localities in northwestern Ohio frop 1929 to 1933. 
The data for 18 of these plantings, including the estimated reduction 
in yield on the basis of regression, are given in table 2. 


Table 2. —Reduction in yield of shelled corn of the Clarage variety by the European 
corn borer, in various plantings in northwestern Ohio, 1929-33: plantings arranged 
in order of increasing yield 


Locality 


Planting date 


Sandusky ’ - 
Holgatc . 
Huron L. 
Toledo. - 

Huron *. 
Maumee 

Toledo 

Sandusky ' 
Toledo . 
Holgate.. 
Toledo... . 
Sandusky L. 

Toledo, ... 

Sandusky ‘ 
Mean. 


May 13,1929 . 
May 2«, 1933 ^ 
May 16, 1929 . 
May 10, 1932 . 
May 9,1930 
May 7,1931.. 


/May 11, 1932 
IMay 26, im ^ 
/May 17, 1929 
IMay 13, 1931 K 
May 7, 1930 
May 6,1931. . 
May 1932. 
May 11, 1932 . 
May 0,1931 .. 
/May 26, 1933 
iMay 5, 1932- 
May 17, 1932 
May 13 .. 


Estimated 
yield per 
acre in 
absence of 
borers 
I (.1) 


livshfU 
28.2 
40.8 

42.4 
42 4 
43. 6 
43.7 
46 6 
48 1 
50 4 
62 5 
53 8 
55.0 
,56.8 

59.4 
66 5 
80 4 
80 8 
84.6 

64.5 


Reduction 

; Estimated 


in yield tx^r 

reduction in 

Range in 

acre per 

1 yield imt 

bmer 

Ixirer jM‘r 

acre on basis 

ixipulation 

plant 

of regression 

p<‘r plant 

(if) 

(B') 


BithkeU 

BunhH* 

Nu mber'< 

1.6d:0 3,5 

1 37dc:0 204 

1.2- 6 3 

1 7± . 18 i 

1 57± 137 

. 3- 6 6 

1 2dt . 25 1 

1 59d:: 130 

1 6" 9 2 

1 5i: . 10 1 

1 59± 130 

; 1 6- 8.0 

1 8± 14 I 

1 61±: . 12t» 

1 1- 5. 8 

2 ()± . 02 

l.62=fc .125 

2.3 43 7 

1.6± 22 1 

1 64± 118 

1 3-10 1 

4.4d= .29 i 

1 lit) 

. 6- 4. 4 

1.0d= M i 

1 72:1- 105 

6.8-32 1 

1 7± 16 

1 76± . lOtl 

4 9 9 

2 5± . 19 

! 1. 78± . 102 

1. 3- 6 1 

1 0=F . 14 

1 80± . 102 

1.0-27.3 

2 1± .47 

i 1.8.3di . 103 

14-80 

1.8± . 19 

i 1 87db . 107 

, 2 4-11.4 

1 9db .08 

1 1 98± i:fo 

1 2. 6-19. 3 

2 8± . 35 

2.20:t 201 

1 3 2-14.4 

1 9d; . 24 

2 2l± .204 

! 2.0-22.7 

2. .3± . 22 

2.27dr .226 

1 2 7- 8.9 

1.79 1 


1 8-12.4 


‘ Average of 3 levels of soil fertility. 

* Average of 2 plantings made on May 19 and June 2. 

^ Not included in calculating the regression coeiheient. 


From the values in table 2 the regression of J? on A was calculated. 
With 15 degrees of freedom the regression coefficient, 0.016±0.0067 
bushel, may be regarded as significant. With this regi’ession coef¬ 
ficient, the mean yield of the 17 plantings (A=54.5 bushels), and the 
mean yield* reduction per borer per plant (5=1.79 bushels), it was 
calculated that B' would average 1.37 bushels when A was 28.2 
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bushels and 2.27 bushels when A was 84.6 bushels. Expressed in 
percentages the rates of yield reduction were 4.86 and 2.68 percent 
when the normal yields were 28.2 aiid 84.6 bushels, respectively. The 
estimated reduction in yield on the basis of recession was also cal¬ 
culated for each planting of Clara^^e listed in table 2. 

Before comparisons are made between the data from Clarage and 
from the hybrids, the conditions under which the two sets of data were 
obtained snould be examined. Since the reduction in yield due to the 
borer increases as the stage of plant development at the time of borer 
hatch becomes less advanced, the question arises whether the greater 
unit reduction in yield for the hybrids at the highest level was directly 
associated with increase in the level of yield or was caused by greater 
damage to later silking hybrids that yielded more. In the five plantings 
under consideration (table 1), on an average 82.6 percent of the hybrids 
silked within 3 days, and on one planting in each of 3 years 13,14, and 
11 hybrids, respectively, silked within 2 days. For hybrids having 
the same or the succeeding day as their average silking date, it was 
determined that for each planting the regression of B on A was signi¬ 
ficant. As an average of these 3 plantings, for each unit increase in 
the normal yield the yield reduction per borer per plant increased 
0.072 ±0.0154 bushel as compared with 0.078 bushel, the average value 
for the five plantings. The generally nan*ow range in silking dates and 
the highly significant recession of J? on ^ obtained for the hybrids 
silking within 2 days indicate that greater damage per borer at nigher 
levels of yield was directly associated with the increase in the level of 
yield in the plantings considered. 

In the case of Clarage there were only slight differences in plant 
development at time of infestation between the plantings giving the 
largest and the smallest yields. No reason is known why the greater 
unit r(‘duction in yield at the high yield level may not be considered 
as being also directly associated with increase in the level of yield. 

From a study of the data from Clarage and the hybrids the following 
comparisons are noteworthy: 

(1) On the basis of a purely mathematical relationship a constant 
percentage of the crop would be expected at all yield levels. In 
Clarage, however, the Joss was found to be 4.86 percent of the yield 
per borer per plant at the yield level of 28.2 bushels and 2.68 percent 
at the yield level of 84,6 bushels. Evidently there were factors in¬ 
volved to change the expected relationship. It is possible that the 
uninjured tissue within the stalk is propessively able to do more of 
the work of the injured tissue as the plant^s environment enables it 
to yield more. As a matter of fact, with hybrids a given number of 
borers were found to reduce the yield of plants in the same field only 
about half as much in tlie relatively wet season of 1931 as in the 1930 
season of drought. 

(2) In Clarage the percentage n^duction in yield was considerably 
^eater at the lowest level of yield than at the highest level, whereas 
in the hybrids the percentage reduction was gi’eater at the highest 
level of yield. The reason for this reversal in trend is not known. 

(3) At the yield level of 85 bushels, /?' was calculated to be 3.02± 
0.249 percent per borer per plant for the hybrids and 2.68 ±0.268 per¬ 
cent for Clarage. The difference is not significant. It is possible, 
however, that some of the difference in favor of Clarage may have 

492r>n2- 42-4 
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been due to the difference in planting date, which averaged 9 days 
earlier for Clarage. At the time of infestation Clarage was in a more 
advanced stage of development than the hybrids. Another study * 
showed that hybrids were more tolerant to the com borer than open- 
pollinated varieties in the same planting, the percentage of yield 
reduction being less for the hybrids. In the present study it is impos¬ 
sible to compare the hybrids and open-pollinated Clarage for relative 
tolerance. 

EFFECT OF WEATHER 

In the planting of Clarage made on May 7,1930, at Sandusky (table 
2), the difference between the observed and the predicted rate of yield 
reduction may be regarded as highly significant. The drought of 1930 
is suggested as an explanation for the high observed rate. The rain¬ 
fall from 6 showers during the critical period of growth, from June 20 
to August 20, totaled only 1.83 inches with a maximum of 0.60 inch, 
and the temperature averaged 2.2°, 1.8°, and 1° F. above normal for 
June, July, and August, respectively. Moreover, in another field on 
the same farm 28 hybrids and open-pollinated varieties also showed a 
high yield reduction per borer per plant. The. hybrids and open- 
pollinated varieties were planted a day earlier than Clarage. Their 
estimated average normal yield of 69.3 bushels was reduced on an 
average 2.9 ±0.11 bushels per borer per plant as compared with an 
average reduction of 1.5±0.14 bushels from 14 strains planted in the 
same field on May 5 and 12, 1931, on which the normal yield averaged 
70 bushels per acre. From June 20 to August 20, 1931, 18 showers of 
more than 0.04 inch rainfall totaled 7.60 inches with maxima of 0.65 
0.35, and 1.68 inches in June, July, and August, respectively. The 
temperature averaged 1.0°, 4.6°, and 2.1° above normal in the 3 
months. The corn-growing season of 1931 was therefore more favor¬ 
able than that of 1930, for only about half as much yield reduction per 
borer occurred in strains planted in the same field and having about 
the same level of yield. 

The rates of reduction in yield due to the borer for the 1931 planting 
at Huron and especially for the 1933 plantii^ at Maumee were also 
significantly greater than those predicted on the basis of normal yield 
(table 2). A planting in 1932 at the Maumee location showed little 
difference between observed and estimated reduction in yield. The 
level of yield was the same, but the field was planted earlier than in 
1933. Although weather records were not taken at the Maumee 
location, the 1933 season was in general drier than the 1932 season. 
Dry conditions may have contributed to the high rate of borer damage 
on this planting as well as at Sandusky in 1930. 

EFFECT OF SOIL FERTILITY 

In eight of the plantipgs of Clarage the experiment was conducted 
at three levels of soil fertility—(1) on soil receiving no fertilizer, 
(2) on soil receiving a unit application of fertilizer, and (3) on soil 
receiving twice as much as (2). The fertilizer varied in amount and 
formula with the soil type. The differences in yield reduction per 
borer per‘plant between the three fertility levels were not significant 

< Patch, L. H„ Sthx, Q. W., App, B. A., and Crooks, C. A. comparative injurt bt the European 

^CORN BORER TO OPEN-POLUNATED AND HVBRID FIELD CORN. JoUr. AgT. ReS. 68; 365-^. IMl. 
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in most of the plantings. When averted for the eight plantii^, 
the estimated yield of 48.8 bushels per acre in the absence of borers 
was reduced 2,0±0.17 bushels per borer per plant where no fertilizer 
was applied, the yield of 50.7 bushels was reduced 1.7 ±0.10 bushels 
where the unit amount of fertilizer was applied, and the yield of 
56.8 bushels was reduced 1.9±0.09 bushels where twice the amount 
of fertilizer was a^^lied. Since the differences in yield reduction are 
not statistically significant, and the differences among the normal 
yields are not large, it appears that the fertility of the soil had little 
effect, if any, on the damage by the com borer in these tests. 

EFFECT OF TYPE OF SOIL 

In the plantings listed in table 2 the type of soil also varitjd. At 
Huron the field was a clay loam derived from shale-sandstone, at 
Sandusky it was a very fine sandy loam, at one location in Toledo 
the soil was a very fine sandy loam and at another silty clay, at 
Maumee the soil was light-colored Fulton silt loam, and at Holgate 
it was black Brockston clay. On the very fine sandy loam at San¬ 
dusky in 1929, 1930, and 1931 the average estimated yield of Clarage 
in the absence of borers was about 49.7 bushels per acre; the com 
borer reduced this yield at the average rate of 2.0±0.10 bushels per 
borer per plant. On the clay loam from shale-sandstone at Huron 
the average yield of 43.8 bushels for the same years was reduced at 
the rate of 1.7 ±0.11 bushels per borer per plant. The difference 
between the rates of yield reduction on these two types of soil is only 
what might be e.xpected if the rate of reduction is considered a function 
of the level of normal yield. Other comparisons between types of 
soil furnished no evidence that any factors otlier than level of yield 
are involved. 

EFFECT OF STAGE OF PLANT DEVELOPMENT 

In studies on the effect of stage of plant development at the time of 
borer hatch on yield reduction due to the com borer, the interval 
between the hatching of the borers and the silking of the corn was 
varied (1) by infesting samples of plants of the same planting on 
tlifferent dates and (2) by infesting samples of different plantings on 
the same date. 

In 1932 an experiment was conducted to determine the rate of yield 
reduction of plants infested at different times. Two open-pollinated 
varieties and four hybrids were planted on May 16 in 8-hill plots 
replicated 15 times. Four borer levels were used, the plants were 
infested on 3 dates, and the yield was based on a total of about 160- 
plants from the 6 strains of com for each borer level of plants infested 
on each date. The average date of silking was July 26, and in the 
absence of borers the estimated yield should have averaged 84.1 
bushels per acre. This potential yield was reduced 3.5±0.85 bushels 
per borer per plant when the plants were infested on June 27,2.8±0.53 
bushels when infested on July 8, and 1.9 ±0.31 bushels when infested 
on July 18. 

Although the earliest infested plots showed the greatest reduction 
in yield, the differences between the rates were not found to be 
significant. It is probable, however, that larger samples of plants, 
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or more borer levels, would have reduced the variability of the data 
sufficiently to show significance, since data derived from other sources 
show a significant trend of change in the rate of reduction of yield 
associated with stage of plant development. 

The rates of yield reduction in various plantings in which the 
infestation date for the plantings witlxin a season was uniform are 

f riven in table 3. Since the mean levels of yield for the earliest and 
atest plantings differ by less than a bushel, the rates of yield reduc¬ 
tion are directly comparable. The difference of 1.6 ±0.30 bushels 
may be regarded as highly significant with the 156 degrees of freedom 
available. This difference is associated with the difference of 23 
days between the average dates of the earliest and latest plantings, 
and an interval of 11 days from egg hatching to corn silking. The 
yield reduction per borer was 2.85 percent of the normal yield of the 
earliest plantings as compared with 4.71 percent for plantings made 
23 days later. An average of five borers per plant in each of the 
earliest plantings would Ixave reduced the yield nearly as much as an 
average of three borers per plant in each of the latest plantings, be¬ 
cause a larger percentage of the late-planted crops was destroyed 
by the borer. It is probable tlxat the plants of the late plantings 
infested early in their development were subject to greater reductions 
in yield, owing to the longer duration of borer feeding before the 
critical period of ear production and the consequent weaker condition 
of the plants and the larger average size of the borers during the 
period of ear production. 

Table 3. —Reduction in yield of shelled corn by the European corn borer, Ohio and 

Indiana. 19S1~34 


Locality 

Date of 
planting 

Mean 
date of 
silking 

Period 
from egg 
hatching 
to corn 
silking 

Estimated 
yield per 
acre in 
absencf* of 
borers 

Ob.si»rved 
reduction in 
yield per acre 
per borer 
per plant 

Degree^ 

of 

ftwlom 


1931 


I)iy» 

Buskelft 

BushtU 



May 5 

July 27 

11 

84 8 

1 6:k0 10 

24 


May 12 

July 28 

12 

80 2 

1.7i: 10 

24 


May 19 

July 31 

15 

74 9 

2 21 

24 

Sandusky, Ohio.. . 

May 25 

19.32 

Aug. 1 

16 

76 5 

2 fi±. 21 

24 


May 7 

July 14 

9 

94 0 

2 9d= 4fi 

11 


June 7 

1933 

Aug. 2 

26 

96 7 

6.1dbl.00 

11 

Toledo, Maumee, and Holgate, 

/May 19 

July 30 

16 

67 1 

2 7i: 10 

19 

Ohio, and Auburn, Ind.i.. 

lJune 2 

1934 

Aug. 5 

22 

71.9 

3 0d=. 22 

19 


(May 3 

July 17 

9 

91.1 

2 3=fc. 12 

24 

Toledo, Ohio. . 

{May 17 

July 2.5 

17 

91 4 

i .3.,3±. 17 

24 

Mean for period 1931-34; 

(May 31 

Aug. 2 

25 

94 9 

1 4 3db 19 

24 

Earliest planting. 

Latest planting . 

May 9 

July 22 

11 

84 3 ' 

2.4dr 12 ! 

1 n 

June 1 

Aug 3 

22 

85.0 1 

4 0d= 27 

22 


1 Data are averages from the 4 localities 

EFFECT OF STRAIN OF CORN 

The data from the hybrids obtained over the period 1930-34 were 
used to teat the significance of the deviation of each hybrid from the 
regression line of B on A. The basic data were the. same as those used 
for calculating the data in table 1. The observed rate of yield reduc- 
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lion, By was found to bo significantly less than the rate predicted on 
the basis of regression on A in only 4 out of 149 tests, 2 of which were 
of the single-cross hybrid Ill. A X Ind. TR. Apparently few hybrids 
are able to maintain their yield in the presence of a given number of 
Ixirers to a greater degree than other hybrids of equal yielding capacity. 

The yield of hybrid Ill. A X Ind. TR should have been reduced 
3.67 bushels per acre for each additional borer per plant had it reacted 
to the borer according to prediction. Actually its yield was reduced 
on an average 2.35 bushels per borer per plant. Patch and others ® * 
have found, however, that the survival of borers on this hybrid is 
higher than the average. Hence, any advantag(‘ from having smaller 
losses in yield per borer is partly, if not wholly, offset by the greater 
than average number of borers to cause reductions in yields. 

In 3931 and 1932 a small-stalked early variety. Smoky Dent, and 
a medium-stalked midseason variety, Clarage, were compared with 
c'ach other and wdth a large-stalked late variety, Johnson County 
White. The interval from planting to silking averaged 71, 78, and 
89 days, and the height of the plants at maturity averaged 90, 103, 
aind 108 inches, respectively. The peak of hand infestation was 15 
days later than the peak of natural infestation in 1931 and 14 days 
later in 1932. In another experiment with the same varieties in 1933 
tin* diameter of the plants averaged 0.81, 0.83, and 1.02 inches at the 
second internode. 

As an average of the tests of 1931 and 1932, the normal yield of 
Smoky Dent of 63.6 bushels was reduced 1.3 ±0.06 bushels per borer 
per plant, the yield of Clarage of 67.9 bushels was reduced 1.5 ±0.14 
bushels, and the yield of Johnson County White of 79.1 bushels was 
n^duced 2.2±0.21 bushels. These rates of yield reduction are lower 
than the rates expected for tlu' yield levels indicated, probably because 
the plants were infestenl later than usual. The small difference in the 
rate of yield reduction betw<‘en Smoky Dent and Clarage is not 
significant. The difference* of 4.3 bushels betwe(*n the normal yields 
of the two strains is also small. A gi*eater reduction in yield that 
possibly might have b(*en expected on account of the smallness of 
Smoky Dent might well have been offset by the decrease due to its 
(*arliness, for the interval between borer hatch and the beginning of 
ear development would have been shortened, and consequently its 
plants were probably in a less weakened condition than were those of 
Clarage during the period of ear development. 

Johnson County White had an average yield of 11.2 more busliels 
per acre than Clarage, and it silked 11 <lays later. Its yield was 
reduced at a significantly greater rate than the yield of Clarage. A 
decreased rate of yield reduction that possibly might have been ex- 
peett'd on account of the large size of Johnson County White might 
well have been offset by the increase due to its lateness and higher level 
of yield. Because of its lateness Johnson County Wliite would have 
been in a more vulnerable condition than Clarage during the period 
of ear development. 

Neiswander and Herr ^ also studied tlie reduction in yield of early 
and later maturing strains infested by the com borer. Using Barr 

« Patch, L. H. rbsistancx of a sinols«cross hybrid strain op field corn to European corn borer. 
Jour. Rood. Ent. 30:271-378. 1937. 

• Patch, L. H., Bottokr, O. T„ and App, B. A. comparative resistance to the eitropban corn 
BORER of two HYBRID STRAINS OF FIELD CORN At TOLEDO, OHIO. JoW. EcOll. Ent. 81: 337-340. 1988. 

? Neiswander, C. R., and Herr, B. A. correlation of corn borer population with degree of 
DAMAGE. Jour. EcoD. Eot. 23: 988-945, lUils. 1900. 
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Iieaming and Smoky Dent, silking 6.7 d^s earlier than Burr Learning, 
as two neld-com varieties, and Golden Bantam, a sweet-com variety 
silking 4.1 days earlier than Smoky Dent, they concluded that their 
data indicated “considerable variation in the damage resulting to 
different varieties from a given borer population, the amount of 
damage per borer increasing as the length of growing season of the 
variety decreases.” Comparisons were made on the basis of yields 
taken after the ears of the field-corn varieties were mature and while 
Golden Bantam was in the roasting-ear stage. In the present study 
of field com no evidence was found to support their conclusion. 
Other studies indicate that field- and sweet-corn varieties are not 
directly comparable as to damage by the corn borer. 

SUMMARY 

The degree of reduction in yield of field corn resulting from definite 
levels of population of the European com borer was determined by 
manually infesting plants with various numbers of egg masses. Re-- 
duction in yield within cornfields is shown to be proportional to the 
number of borers present up to 22 borers per plant. Within the range 
from 28 to 85 bushels per acre the fields that would have produced 
greater normal yields in the absence of borers had smaller percentages 
of their crops destroyed by a given number of borers than the fields 
with lower yields. Data from plantings of the Clarage variety in 
various localities in northwestern Ohio from 1929 to 1933 showed that 
the rates of yield reduction were 2.68 and 4.86 percent per borer per 
plant when the normal yields were 85 and 28 bushels per acre, respec¬ 
tively. The rate of yield reduction for the hybrids was 3.93 percent 
per borer per plant when the normal yield was 105 bushels per acre 
as compared with 3.02 percent when the normal yield was 85 bushels. 

The rate of yield reduction per borer in com planted on soils 
differing in tjrpe or fertility is probably a direct function of the level 
of normal yield. In seasons of drought the damage per borer at given 
yield levels appears to be increased. 

Stage of plant development at time of infestation is shown to be an 
important factor in yield reduction in the presence of the borer. 
Plants infested early in their development suffered greater rates of 
yield reduction, owing to the longer duration of borer feeding before 
the critical period of ear production and the consequent weaker 
condition of the plants, and to the larger average size of the borers 
during the period of car production. The average nomial yield of 85 
bushels per acre over a 4-year period, for corn planted on the average 
date May 9, was reduced 2.85 i^rcent per borer as compared with 4.71 
percent for the same hybrids giving about the same average yield but 
planted 23 days later. An average of five borers per plant in each of 
the eariiest plantings, therefore, would have reduced the yield nearly 
as much as an average of three borers per plant in each of the latest 
plantings. 

Attempts were made, without much success, to find hybrids having 
the ability to maintain their yields in the presence of a given level 
of borer population to a greater degree than would other hybrids of 
equal yielding ability. 



HYDROCEPHALUS, A LETHAL IN CATTLE* 

By C. L. C"oLE, research associate in animal husbandryy and L. A. Moobe, 

formerly research assistant in dairy husbandry, Michigan Agricultural Experiment 

Station 

INTRODUCTION 

Hydrocephalus has been reported as an inherited lethal in swine 
(f) ^ and mice 4)- Many sporadic cases have been reported in 
man, cattle, chickens, dogs, and rats. There are two types variously 
reported: (1) Internal hydrocephalus, a collection of fluid in the 
cerebral ventricles, and (2) external hydrocephalus, a collection of 
fluid outside the brain substance. 

Houck (7) reported two cases of congenital hydrocephalus, one a 
grade Durham calf and the other an albino rat. The condition was 
not lethal in either instance. In the rat, however, blindness was 
associated with hydrocephalus and the animal eventually died from 
starvation. 

Clark {2) has noted hereditary hydrocephalus in the house mouse 
which appeared in the F 2 and backcross generations of mice with the 
flexed-tail character. It was apparentlv due to a single Mendelian 
factor, the homozygous recessive being lethal. Frequent association 
with the flexed-taU character suggested linkage or another manifesta¬ 
tion of the gene for flexed {2). Later work (S) showed that hydro¬ 
cephalus was not caused by the same gene as flexed tail. Still further 
experiments (4) showed no linkage between hydrocephalus and vari¬ 
ous other characters, including flexed tail. 

Blunn and Hughes (i) have recorded a lethal hydrocephalus of the 
ext(»mal type in Duroc-Jersey swine, the fluid being fomid outside 
the brain in the subai’achnoid spaces. Varying degrees of hydro¬ 
cephalus occurred, but a short tail or no tail always accompanied the 
d(»f(‘ct regardless of its degree. Light coat color also accompanied 
the defect in all except 3 cases. All the affected pigs were the result 
of inbred matings. Twenty litters from heterozygous parents pro- 
(IucchI 178 animals, of whicli 42 were hydrocephalic and 136 normal. 
It was suggested that the three associated characters might be the 
manifold ('ffects of one factor, or they might be caused by very 
closely linked genes. The goodness of fit between the observed and 
expected 3 : 1 ratio (x^~0.187. P=between 0.5 and 0.7) indicates 
that the hydrocephalus syndrome was caused by a single recessive 
autosomal gene. 

Hyde {8) observed an epidemic of hydrocephalus in experimental 
rabbits, but was unable to offer any rational explanation for its occur¬ 
rence or disappearance. 

Ely, Hull, and Morrison {6) reported one case of slight hydrocepha¬ 
lus among four cases of agnathia in Jersey calves. 

Morrill {10) observed that hydrocephalus occurs in certain breeds 
of dogs, notably in the German boxer, and he recorded occasional 
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observations in single individuals of other breeds. He studied several 
purebreds and various crosses. Among the purebreds, the British 
bull showed marked external hydrocephalus in four out of five cases 
examined; one case was practically normal. Among hybrids, the 
condition was most often seen in the great Dane X ^t. Bernard 
crosses, but in varying degrees. 

Schlotthauer {11) noted five random cases of internal hydrocephalus 
in dogs. In only one case was there any evidence that the condition 
was hereditary. 

Eaton {5) summarized 15 known lethals in cattle. None of these 
corresponds in any way with the lethal reported here. 

EXPERIMENTAL RESULTS AND OBSERVATIONS 

The lethal to be described was discovered in a herd of grade and 
purebred Holstein-Friesian cattle. Purebred bulls had been used 
for several generations, but insofar as could be determined, no inbreed¬ 
ing had been practiced before 1938. Early in 1940 the own(»r inter¬ 
viewed one of the authors relative to a possible nutritional deficiency 
in his herd. In December 1939, an abnormal calf had been born but 
no particular significance was attached to the occurrence. However, 
when another calf with the same abnormalities was born in January 
1940, the owner became worried about his ration. A careful check 
revealed that the herd had been fed legume roughage, mainly alfalfa 
hay with some sweetclover, and a ^rain mixture composed of (*orn 
and cob meal, oats, and soybean oil meal. The catth' were given 
free access to a mixture of i part boneineal and 2 parts salt during 
the winter months, and salt alone during the pasture season. There 
seemed to be no reason for suspecting a nutritional defici(uu‘y and 
the two cases suggested something otluT than chance. A check on 
the brooding program, revealed that the two heifers that had giv(Ui 
birth to the abnormal calves had been mated to their sire. Previous 
to these two abnormalities, no unusual calves had beem born excerpt 
that in Juiu' 1939 a calf from, a similar mating had shown a highly 
nervous condition, and w^as unable to stand alone. No improvement 
of this condition was observed and the calf was later v(»aled. In 
December 1939 and January 1940 two calves were born from sire- 
daughter matings that were normal in every way, except for asymet- 
rical faces. A similar *'wry jaw^' defect was reported by Lutikov {9) 
in a study of breeding methods practiced in a herd of Jaroslav cattle. 

The breeding program, in this herd suggested an inherited condition 
and so arrangement was made with the owner whereby an additional 
niunber of sire-daughter matings would be made. Twenty-seven 
calves were produced as a result of sire-daughter matings, involving 
15 daughters. The results of these matings are given in table 1. 


Table 1. —Date of calving, and condition and sex of calf from sire-daughter matings 

involving 16 daughters 


Cow No. 

Date of calving 

Condition of calf 

Sex 


Nov. 24, 3938-.- 

Normal. 

Male. 

23. 

Jan. 28, 1940. 

Lethal. 

Do. 

„ » 

[Dec. 30,1940.... 

.do. 

Do. 


June 1, 1989. 

Jumpy. 

Female. 

24.,.. 

Mays, 1940. 

Normal... 

Do. 


lAnr. 21,1941.... 


Male. 
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Table 1 . — Date of calving^ and condition and sex of calf from sire^daughter matings 
involving 16 daughters —Continued 


Cow No. 


Date of calving 


Condition of calf 


Sex 


26. 

27 . 

28 . 

29 . 

30 . 

31 . 

32 .. 

33 _ 

35. 

30. 

37 .. 

39 

40 


Totals (16 cows, 27 calves) 


/June 26,1939,... 
iMay 16,1940...J 

/Dec. 6,1939. 

iNov. 3,1940. 

/Dec. 25,1939.... 
iMar. 1, 19401,... 
/Dec. 27, 1939..., 

iJan. 31,1941. 

/Dec. 27, 1939.... 

IJan. 1,1941. 

/Jan. 12, 1940... 

I (n 

i Feb. 4.1940. 

Jan. 15,1941. 

Mar. 22, 1940 
Mar. 16,1941.... 
Dec.22, 1940...- 

Jan. 7,1941. 

Feb. 7,1941. 

May 21,1941.... 
June 12,1941,.. 


Normal. 

.do. 

.do.... i 

.do. 

Lethal. 

Normal fetus. 

Asymmetrical. 

Lethal. 

Normal... 

Lethal... 

Asymmetrical. 

Normal fetus. 

Normal. 

... do. -.i 

-do... 

_do . 

... .do. 

--- do.-. 

Jumpy. 

Asymmetrical and lethal. 

Normal. 


Male. 

Female. 

Male. 

Female. 

Male. 

Undetermined 

Female. 

Male. 

D<». 

Do. 

Female. 

Undetermined. 

Male, 

Do. 

Female. 

Do. 

Male. 

Female. 

Do. 

Do. 

Male. 


[5 lethal .-. 

1 asymmetrical and lethal,... 

{2 asymmetrical.... 

2 jumpy. 

Il7 normal . 


14 males. 

U females. 

2 undeter* 
mined. 


' ('ow butch(*re<i in advanc(Hi pregnancy. 
2 ('ow’ died in advanced pwgiidncy. 


Th(> lethal was manifested by an internal hydrocephalus accompan¬ 
ied by a marked papilledema. The lateral ventricles were greatly 
distended so that only a thin layer of cerebral tissue remained between 
the cavity of the ventricles and the cranial bones. On dissection, 
no abnormalities were found which might surest a lack of embryo- 
logical development of the arachnoid villi, nor were there any apparent 
points of blockage in the various foramina so far as could be deter¬ 
mined. As a result of the pressure developed, the cranial cavity of 
the skull was enlarged from two to three times the normal size, as 
shown in figures 1 and 2. 

Ventrally the position and angle of the foramen magnum was 
markedly altered from that of a normal animal, as shown in figure 3. 
It is possible that this abnormality might partly or completely block 
the foramina of Magendie and Luschka, thereby causing the hydro¬ 
cephalus as a secondary manifestation of a gene for bony abnormalities. 
Figure 3 shows also a marked widening of the space between the 
mandibles as compared to the normal. 

Both the humeri and femurs of these animals showed marked mal¬ 
formation. The shaft of’'these bones was considerably shortened, 
but larger in diameter than the normal, as shown in figure 4. 

The condyles and heads of both bones had the appearance of having 
had pressure applied against the articulating surfaces so that they 
were bent down toward the shaft and twisted to one side. Previous 
to dissection, the twisted condition of the femur resulted in ext;reme 
width through the hips, causing difficult parturition. The abnormal 
humerus also resulted in a twisted appearance of the forelegs (fig. 5). 
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Figure 2.—Side view (A) and frontal view (B) of hydrocephalus skulls; B shows 
asymmetrical condition. 



Figure 3. —View of skulls showing pi^ition of foramen magnum and also 
abnormal condition of mandibles: A, normal; B, lethal. 
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Fiouhe 5.—Yiew of abnormal calf showing extreme width of hips and twisted 

forelegs. 
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The asymmetry of the skull and face was shown most distinctly in 
the living animal by a twisting of the face to one side. When the head 
was cleaned of surroimding tissues, asymmetry of the lower jaw and 
facial bones was quite apparent. In addition, the bony structures 
of the cranium were imequally developed and displaced to one side 
of the midline. In the specimen photographed in figure 2, which is 
typical of these individums, the unequm development of the cranial 
bones is well shown, as is the twisted appearance of the face. In 
addition, the loft mandible was considerably shorter than the light. 
This was also true for the maxillae. 

The condition desigratt*d as “jumpy” was stwestive of cerebellar 
or thalamic dysfunction. Marked lack of muscular coordination and 
control was at all times evident. These calves were unable to rise 
or stand unaided. When placed on their feet, the weight was sup¬ 
ported reasonably well for a short time at least. In this position, 
however, the animal tended to sway from side to side or backward 
and forward and unless supported was unable to remain standing. 
Tremor was present in both the upright and lying positions. In the 
lying position, in addition to the tremor, there, was almost constant 
movement of the limbs. Resistance to flexion of the limbs was present 
irregularly. 

Possibly the lethal trait, the asymmetry, and “jumpy” are due to 
three recessive autosomal genes. 

A genetic analysis based on the above hypothesis may now be 
attempted. The three pairs of allels would be as follows: 

L —normal /—^lethal 

A —symmetrical o—asymmetrical 

J —normal nervous reaction j —‘‘jumpy” 

The sire should have the genotype LlAaJj. 

The daughtere from normal dams would have eight different geno¬ 
types, as follows: LLAAJJ, LLAAJj, LLAaJJ, LLAaJj, LIAlAJJ, 
LlAaJJ, LlAAJj, and LlAaJj. These daughters backcrossed to 
their sire would then produce the following percentages of phenotypes 
in their offspring: LAJ, 66.992; LAj, 9.570; LaJ, 9.570; lAJ, 9.570; 
lAj, 1.367; taJ, 1.367; Laj, 1.367; and laj, 0.195. 

The expected and observed distribution of the 27 calves by pheno¬ 
type would, therefore, be as showm in table 2. In this table lAJ 


Tabus 2. —Expected and observed distribution of the S7 calves by phenotype 


Distribution 

LAJ 

LAj 

LaJ 

lAJ-Uj 1 

Laj 

laJ^-laj 

Lpected,.. 

18.09 

2.58 

2.68 

2.95 

3.37 

0.42 

iserved. 

17.0 

2.0 

2.0 

5. 

0 

1.0 

Diflereiict*. 

-1.09 

-.68 

- 68 

! +2.05 

I 

-.37 

+.68 


and lAj are combined as are also laJ and laj. These combinations 
must be made because of the impossibility of observing the “jumpy” 
condition in the calves which are bom dead. The gooemds? of 
fit between the observed and expected values (x * = 2.92; P = be¬ 
tween 0.7 and 0.8) suggests the action of three recessive nonlinked 
genes. 







Breaking the trihybrid ratio down into three monohybrid ratios, 
the expected and observed values are as shown in table 3, which also 
shows the expected and observed incidence of the “jumpy” animals 
among the nonlethals. 

Table 3. —Expected and observed values for hthaUnormal^ asymmetricaUnormaly 
and ** jumpy**-normal animals 



1 Ratio— 



Contrasted types 

-- 

— 

X*' 

P 


Expected 

Observed 



Ix^thal-notmal... 

3.38 : 23.62 

6:21 

2.32 

Between 0.2 and -0.1. 

Asymmetrical-normal..... 

3.38 : 23.02 

3:24 

.06 

Between 0.9 and —0.8. 

**Jumpy”-normal. 

2.63 : 18.37 

2 : 19 

.17 

Between 0,7 and -0.6. 


> Although the chi-squaro twt has been used, the numbers are smaller than are desirable for such an 
analysis. 


CONCLUSIONS 

A new lethal in cattle, internal hydrocephalus, is described and 
shown to be probably a simple recessive in its mode of inheritance. 

Two other conditions, asymmetry and jumpy,are described and 
may be recessive and not linked with each other or with the lethal 
gene. 

The data suggest that the sire used caiTied three rare recessive genes. 
Nevertheless, the probability that any one animal would carry three 
rare factors is very small. However, the facts are stated and a 
conclusion indicated, though the mode of inheritance of the charac¬ 
ters jumpy’’ and asymmetry should be studied further. 
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DEVELOPMENT OF SYNTHETIC POOD MEDIA FOR USE 
IN NUTRITION STUDIES OP THE EUROPEAN 
CORN BORER' 


By G. T. Bottgbr 

As$ittant entomologist, Division of Cereal and Forage Insect Investigations, Bureau 

of Entomology and Plant Quarantine, Agricultural Research Administration, 
United States Department of Agriculture * 

INTRODUCTION 

Studies on the nutrition of the European com borer (Pyrausta 
nuhHalis (Hbn.)), since their initiation in 1937 at the Toledo, Ohio, 
research laboratory, have been directed principally toward findii^ 
chemical substances contained in green plant tissue, particularly corn 
{Zea mays L.), which are associated with the survival, growth, and 
metamorphosis of the insect. Preliminary studies reported by 
Bottgor * and subsequent feeding tests, supplemented with chemical 
analyses of the test materials, besides adding appreciably to available 
information relative both to the insect and to the chemistry of various 
strains of com, have emphasized a loi^-recognized need for a syn¬ 
thetic food medium that would facilitate a more comprehensive study 
of the nutritive requirements of the organism. Such a medium would 
eliminate the necessity of difficult, and often unsatisfactory, chemical 
analyses and w'ould p(*rmit an accurate comparison of the effect of 
each nutritive constituent, including the vitamins, on the physiological 
devidopment of the insect and its ridation to borer-resistant strains 
of com. 

On th<‘ basis of information accumulated from various c.xperiments, 
a series of tests was designed for the purpose of rearing corn borer 
larvae to maturity on a synthetic medium. 

METHODS, TEST MATERIAL, AND EQUIPMENT 

Twenty synthetic food media were formulated to simulate roughly 
in carbohydrate, protein, and moisture content some samples of green 
corn tissue obtained through the cooperation of the Bureau of Plant 
Industry of the United States Department of Agriculture and the 
Ohio Agricultural Experiment Station. The mineral analyses of con) 
plants reported by Latshaw' and Miller^ served as a general guide to 
the minerals to be included, though no attempt was made to approxi¬ 
mate the relative percentages of each element. Each medium was 
infested with 100 or more newly hatched com borer larvae. A small 
quantity of food material was spread about K inch thick around the 
side walls of glass ciystallizing dishes, which served as rearing cham¬ 
bers. The rearing chambei-s were 2 inches in diameter by IK inches 

I Received for publication March 18.1942. 

* Orateful acknowledgment of assistance Is made to W. A. Baker, in charge of European corn borer 
research, under whose leadership these studies were initiated and conducted. 

* BOTTOEE, O. T. PRELIMINARY STUDIES OP THE NUTRITIVE REQUIREMENTS OF THE EUROPEAN CORN 
BORER. Jour. Agr. Ees. 60:249-257. 1940. 

< Latsiiavt. w. li.. and Miller, E. C. elemental composition op the corn plant. Jour. Agr. Ret. 
27* 845-860, Ulus. 1024. 
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deep, and covered with an 80-mesh copper-screen disk, which was 
held in place with a ^-inch rubber band. The food in each dish was 
infested with 20 individuals, and the number was gradualljr reduced 
as growth of the larvae increased their space and food requirements. 
The larvae were transferred to fresh food and a clean receptacle every 
second or third day during a 40-day test period. After the tenth day 
all Iprvae were weighed individually when they were transferred to 
fresh food. 

Numerous preliminary tests, utilizing various materials as carriers 
and binders for the essential nutritive elements, were conducted 
before a medium possessing the proper physical qualities was formu¬ 
lated. Cellulose, supplemented with a small quantity of some cereal 
preparation such as cornstarch, com meal, or oatmeal, and in some 
tests gelatin, as a binder, constituted the carrier or foutidation for the 
nutritive elements. While such media sufficed to maintain life and 


foster a certain degree of growth in a few of the test larvae, in edi¬ 
bility and moisture-retaining ability they were not satisfactoiy. 
Furthermore, it was desired to eliminate ^1 cereal matter from the 
media because of chemical complexities. Agar was one of the ma¬ 
terials tested independently as a carrier and temporarily discarded, 
but its nonnitrogenous character, water-carrying capacity, and ability 
to remain congealed at incubator-room temperatures again suggested 
its possible utility. Accordingly, hot liquid agar was mixed with 
pulverized cotton in an effort to form a more satisfactory carrier. 
The carrier finally used was made by dissolving shredded agar in hot 
water and mixing it with cellulose that bad been soaked in water. 
The material was then placed in a water bath and boiled 10 minutes. 
Known quantities of the dry nutritive elements and fats were then 
added, and the medium was stirred or beaten vigorously until it was 
of a homogeneous texture. As the heat treatment might reduce 
the dietary properties of some of the vitamins, particularly Bi, the 
composition was allowed to cool to near room temperature before 
they were added. 

Various combinations of moisture, carbohydrates, proteins, fats, 
and vitaminswere used in the 20 tests made with this carrier (table 1). 


The quantity of total mineral matter was also varied, but the same 
compounds in the same proportion (table 2) were used in all except 
formulas B-6, B-10, and B-14, in which the minerals occurring 
naturally in the cereal component of the media supplied these elements. 

The larvae used in the tests were progeny of field-nm moths of the 
mixed races that now inhabit the Toledo locality; i. e., both single- and 
multiple-generation borers and hybrids of the two strains. Mature 
com borer larvae collected from a single field in the fall were isolated 
and kept in cold storage at 38°-40° F. until 3 to 4 weeks prior to the 
start of an experiment. They were then placed in an incubator at 
80® under moisture conditions suitable for pupation and moth emer¬ 
gence. Larvae just hatched from eggs laid by the moths were em- 
pl^ed for infesting all materials tested. 

The tests were conducted in an incubator room in which a constant 


temperature of 80®±l° F. and a minimum relative humidity of 
70 peroent,were maintained. 
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Table 2. —Inorganic mineral salts in s^r tiic food media tested for rearing larvae 

of the Eurr^ f corn borer 


Compound 

Formula 

Propor¬ 

tionate 

amount 

Pot&ssium dihydrogen phosphate .-. 

KHjPOi. 

Igto. 

igm. 

igm. 

1 gm. ^ 

0.13 ml.> 

Calcium sulfate .-.-. 

CaS04. 2HjO. 

Ferric chloride.- ..-. 

Magnesium sulfate.— .. 

Copper ammonium hydroxide . . 

FeClj. 6HjO. 

MgSOi. 7HjO. 

Cu(NH*)»(OH)s». 

1 


1 A saturated solution of this compound was prepared by bringing together ammonium hydroxide ami 
cuprous oxide. The copper salt was added In excess of ammonium hydroxide. 


PRESENTATION OF RESULTS 

The corn borer was roared to maturity on an entirely synthetic food 
medium and so far as the author knows, this is the first instance of 
a phytophagous insect being so reared. Although these tests were 
designed primarily to determine wh.etluT the insect could be reared 
to maturity on a synthetic food medium, rather than to show the spe¬ 
cific influences of the various elements utilized, the results do indicate 
the possibilities of this approach to studies of insect-nutrition require¬ 
ments and provide general interpretations of the function of some of 
the more important constituents of the media. 

Average percentages of survival at the end of 30 days, pupation 
at the end of 40 days, and weights of test larvae 20, 30, and 40 days 
old, reared on 20 samples of synthetic food media, are presented in 
table 3. The data are arranged to conform with the (h'seending ord('r 
of weights of 30-day-old larvae. 


Table 3. —Larval survival at end of 30 daySj average weights of larvae as a result of 
feeding for SOy and 40 daySy and total pupation of surviving corn borer larvae 
at the close of the 40-day test period 


Formula 

A\('rage 
larval sur¬ 
vival at end 
of 30 days 

Average 

20 days 

*ight per larva 

30 day.s 

at end of - 

40 days 

Total pupa¬ 
tion of 

larvae surviv¬ 
ing at end of 
40 days 


Percent 

MiUigramn 

MUUgrwm 

Milligrams 

Percent 

B-l 

8.1 

22.4 

81.6 

83.8 

9 2 

B-2. 

14.0 

32.7 

72 0 

81.3 

16 7 

B-3 . 

13.0 

24.0 

60.1 

62.6 

26.0 

B-4 . 

16.0 

21.3 

66.3 

69.1 

0 

B-5 . 

4.2 

16.6 

61 4 

70 6 

20.0 

B-6 .. . - 

8 0 

36 7 

68 6 

74.3 

6 

B-r. 

11.8 

18.2 

56.4 

61.6 

0 

B-8._ . 

17.2 

22.6 

64.0 

64.0 

0 

B-9. 

36.0 

31.0 

47.6 


;io 0 

B-10 .. . 

3.3 

36.0 

46.4 

88.7 

0 

B-11 . . _ „ 

20.0 

21.7 

42.4 

66 0 

0 

B-12 - - ... . . 

11.3 

18 0 

38.2 



B-13. 

6.0 

18.2 

36.5 

61.6' 

26.0 

B-14 .... . 

7.2 

28.0 

34 7 

1 38.0 

0 

B-15.- 

11.0 

15.6 

33.3 

42.8 

' . 9 

B*-J6 .. . .. 

21.0 

6.6 

2;i.o 

38.6 

12 5 

B-17. ... 

4 

4.0 

22.2 

89.0 

0 

B-18- . 

4.6 

1 4.6 

17.8 

23.6 

0 

B-19. 

1 1.6 

4. 1 

16.6 

18.0 

0 

B-20 . 

0 


■ - 

- 

0 
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While it is indicated that nutrition has some influence on the 
uiunber of generations proditced, all the differences in percentages of 
pupation between lots of test larvae herein report^ are not due solely 
to variation in nutrition. The studies show that the growth rate and 
the inherent size limitation of the insect are closely related to the char¬ 
acter that influences the number of generations produced. Generally, 
the multiple-generation larvae never attained so great a weight as the 
single-generation larvae, which grow more slowly. Of those larvae 
that survived,, as many as 30 percent pupated in one tost and 20 per¬ 
cent or more in four other tests. 

DISCUSSION OF RESULTS 

In general, the most satisfactory synthetic media for rearing larvae 
of the European corn borer to a physiological maturity that will 
permit normal pupation were fomaulated approximately as follows: 
Cellulose 3.5 gm., agar 3 gm., casein 2 gm., glucose 2 gm., sucrose 1 
gm., total mineral salts 0.35 gm., fat 0.3 to 1.0 gm., and water 85 cc. 

The pH. of such media averaged about 4.5 immediately after they 
were mixed, but it was somewhat lower after they had stood in the 
incubator room 24 hours or more. Media in which zein was employed 
as the sole source of proteins underwent greater changes in pH (lower 
Headings) than did media in which casein was used. Lower pH read¬ 
ings were usually associated with higher larval mortality and relatively 
low w'eights of those larvae that did survive. 

EFFECT OP NUTRIENTS ON LARVAL DEVELOPMENT 

As many as 36 percent of com borer larvae nourished entirely on 
a synthetic food medium survived to maturity and attained near- 
normal weights during a 30- to 40-day test period. Larval survivals 
of about 20 percent are obtained on com under average field conditions 
and from 30 to 60 percent on favorable food under laboratory condi¬ 
tions. 

The development of single-generation larvae confined to synthetic 
foods was retarded as compared with that of larvae reared at the same 
time and under the same environmental conditions on fresh green 
plant food. Likewise, the time prior to pupation of multiple-genera¬ 
tion larvae when reared on synthetic foods was 3 or more days longer 
than that generally required when reared on green plant tissue. 

Low survivals resultuig from formulas B-10 and B-17 are probably 
due to factors other than nutrition, since the few surviving larvae 
attained satisfactory weights. The nonsurvival on B-20 as early as, 
tht> tenth day after infestation was due to lack of nutritive substance, 
since the cellulose-agar base was unsupplemented for this check test. 

Proteins 

IjOW survivals, low weights, and. nonpupation of surviving larvae 
on B-18 and B-19 are attributed to incompatibility of zein with 
other components of the media and to the lysine and other amino 
acid deficiencies peculiar to this protein. Superiority of caseih to 
zein is indicated. It is known that casein contains more of the amino 
acids essential to the nutrition of higher animals than does zein, and 
it appears highly probable that other proteins present in the com 
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plant and grain, which supply such amino acids as lysine, tryptophane, 
and histidine, are essential to the nutrition of the com borer. Al¬ 
though casein is the best protein tested to date and serves as a rich 
source of lysine and inost of the other dietary-essential amino acids, 
it is deficient in cystine, necessary for supportii^ mrowth in rats,® 
and this deficiency may have been largely responsible mr the dwarfness 
among the borers supplied solely with this source of protein, as com¬ 
pared with those reared on plant tissue. Peptone employed as a 
supplement to either zein or casein appeared to stimulate feeding and 
suWquent growth of the test larvae. The legume proteins contain 
relatively large amounts of lysine, tryptophane, and histidine, in 
marked contrast to those of com, a fact which probably materially 
contributes to the nutritional adaptiveness of beans and peas for 
successfully rearing the com borer in the laboratory. 

Cahbobtdbates 

A 2-to-l ratio of glucose to sucrose seems to meet the carbohydrate 
requirements of the borer. Absence of biological response to the 
inclusion of cornstarch in the food media is in full accord with the 
results of enzyme tests reported by Bottger,® in which the borer’s 
inability to digest cornstarch was indicated by the negative reaction 
of the tests for amylase, the starch-splitting enzyme. 

Fats 

Fat requirements of the borer cannot be established on the basis 
of results from these tests, but nearly all the more satisfactory media 
contained some fat either as a carrier for vitamins or as an independent 
constituent. Fats were supplied in the form of (!orn oil, wheat-germ 
oil, and halibut-liver oil. 

Minehals 

Previous tests indicated that inclusion of several of the minerals 
found in com greatly improves the nutritive qualities of synthetic 
media for the borer. Mineral salts were therefore included in all media 
tested. The buffering effect of certain minerals was of value in neutral¬ 
izing the ^iditv attending some other components of the media. 
The inclusion oi copper ammonium hydroxide also appeared to im¬ 
prove the phvsical properties of the media, thereby aiding the borer 
to spin its silken cocoon, or feeding web, which seems to be essential 
for normal feeding, ^dium emoride was included among the 
minerals employed in some earlier tests, but omitted in the series 
herem reported because it did not appear to improve the nutritive 
qualities of the media and because its concentration in the com 
borer’s natural host plant is believed to be relatively low. Latshaw 
and Miller ^ do not mention sodium in their report on the elemental 
composition of the corn plant. 

• Srbbman, Hinrt C. chemistry of food and nutrition. Ed. 6, completely rewritten, 640 pp, Ulue. 
New York. 1937. See pp. 71-74. 

* See footnote 3. 

^See footnote 4. 
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VlTAlUNS 

There is some indication that vitamins A, Bj (thiamin chbride), 
and possibly E, improved certain media. However, when protein 
was supplied in the form of casein or peptone and constituted 3 percent 
or more of the total constituents of tne media, the vitamins did not 
appear to be eewntial for growth and development of the com borer. 
No particular biological response to either vitamin C or vitamin D was 
evident. 


EFFECT OF SYNTHETIC FOOD ON THE METAMORPHOSIS AND REPRODUCTION 

OF THE CORN BORER 

The length of the pupal stage of insects reared on the more favorable 
synthetic media was the same as for those reared on natural foods, and 
the moths emerged normally from such papae. Females reared on the 
synthetic media laid infertile eggs either when unmated or when given 
opportunity to mate with males reared on synthetic food. However, 
poor synchronization of emergence of the limited numbers of both 
sexes is believed to have prevented coitus. When a newly emei^ed 
male reared on a synthetic medium was mated with a virgin female 
reared on plant tissue, normal mating and deposition of fertile eggs 
resulted. Although attempts to mate females reared on synthetic 
media, which attained subnormal size in these experiments, with 
plant-reared normal-sized males were unsuccessful, it seems probable 
that such adults possessed the ability to reproduce under favorable 
circumstances. As female moths arc normal^ larger than males, the 
reversal in size differences of the sexes in this attempted cross may 
have made the sexual union of these individuals physically impossible. 


SUMMARY 

Information accumulated from various nutrition studies of the 
European corn borer (Pyravsta nubUalis (Hbn.)) was used in conduct- 
ii^ a series of tests for the purpose of rearing larvae to maturity on a 
synthetic food medium. 

Twenty food media were formulated to approximate the chemical 
composition of green com tissue. The media were immediately 

f ilaced in glass rearing receptacles and infested with newly hatched 
arvae. The tests were conducted in a room-size incubator where a 
constant temperature of 80°± 1° F. and a minimum relative humidity 
of 70 percent were maintained. 

Since the test larvae were parented by field-run stock of the mixed 
races of the European com borer now occurring in the vicinity of 
Toledo, Ohio, both single- and multipl^eneration strains resulted. 
The expression of the single- or multiple-generation characters is 
probably influenced by nutrition, but all the differences in pupation 
between tests should not be attributed to nutritive effects. 

As many as 36 percent of the com borer larvae confined to synthetic 
food survived to maturity; in one test as many as 30 percent, and in 
four other tests 20 percent or more larvae pupated. 

Superiority of casein to zein as a source of protein was indiciltec^. 
Peptone employed as a supplement to either casein or zein appealed to 
stimulate both feeding and growth of larvae. . 
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A 2-to-l ratio of glucose to sucrose appeared to satisfy the carbo¬ 
hydrate requirement of the corn borer. 

Fat requirements of the com borer cannot be established on the basis 
of these tests, but most of the more satisfactory media contained some 
fat. 

Ino^anic mineral salts were included in all media. Previous tests 
have indicated that certain mineral salts are nutritionally beneficial 
to corn borer larvae and also tend to buffer the media against excessive 
acidity. 

There was some indication that vitamins A, Bi (tliiamin chloride), 
and E are of nutritional value to the corn borer, particularly in the 
absence of a sufficiently high percentage of casein in the food medium. 

The duration of the pupal stage was normal, and moths of both sexes 
emerged normally. Poor synchronization of emergence of the limited 
numbers of male and female moths is believed to have prev(»nted nor¬ 
mal mating and the deposition of fertile eggs. 
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INHERITANCE AND INTERRELATIONSHIP OF COMPO¬ 
NENTS OF QUALITY, COLD RESISTANCE, AND MOR¬ 
PHOLOGICAL CHARACTERS IN WHEAT HYBRIDS ‘ 

By W. W. WoR/ELLA 

Associate in agronomy, Purdue University Agricultural Experiment Station 

INTRODUCTION 

In the soft red winter wheat region one of the main problems in the 
breeding program is that of developing new varieties that not only 
possess suitable quality but also are winter hardy. In order to ‘‘build 
up^* or synthesize such new varieties most directly it is essential to 
obtain information on the mode of inheritance of quality and winter 
hardiness, and to determine the extent of correlation or linkage, if any, 
among these characters. 

This paper reports a study of the inheritance and interrelationship 
of components of quality, cold resistance, and morphological characters 
in wheat {Triticum aestivum L.) hydrids. It was carried out on 600 
hybrids and the parent stocks originating from a triangular cross of 
American Banner, Trumbull, and Michikof, grown at Lafayette, 
Ind., in 1937-38 and repeated in 1939-40. 

REVIEW OP LITERATURE 

Several reports liave been published on the inheiitance of com¬ 
ponents of quality, cold resistance, and morphological characters in 
wheat, but few data are available on the interrelationships of these 
characters, especially with hybrid populations selected at random. 
Since 11 different characters are taken up in this report, only the 
more pertinent papers will be reviewed. 

Workers have used loaf volume, fermentation time, extensimeter, 
and swelling number as indices of gluten strength. Meneret-K5^) ^ 
and Rosenstiel X36) found two pairs of factors, while Worzella (4S) 
found throe pairs of factors to govern the mode of inheritance of this 
character. Data obtained by Alabouvette^t^), Ausemus et al. (S), 
Cutler and Worzella {^0), Hayes et al. (27), Saunders (37, 38), and 
Worzella and Cutler (46) indicate that the inheritance of gluten 
strength is governed by roultmle factors. 

Aairodt and Torrie (2), Biflfen {9, JO), Bryan and Pressley (12, IS), 
and Howard and Howard (28) reported that a single genetic factor 
conditioned the inl)erjtanco of kernel texture. Two factors for kernel 
texture were reported by Aamodt and Tofrio (2), and Freeman (22), 
while polymeric factors were found by Aan odt et al. (3), Clark et al, 
(16), Harrington (24) ^ Hayes {25), and Hayes et al. (27). 

I Received for publication Jan 24, 1942. Journal Paper No. 2 of the Purdue University Agrieulliiral 
Exp^iment Station 

s Italic number in parentheses refer to Literature Cited, p. 520. 
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Working ■with a sories of varieties and hybrid strains, ^Vhiteside 
(4f), Whiteside et al. H2), and Worisella and Cutler (^5, 46) showed 
that the carotenoid pigniont content in wheat is genetic in nature. 
Clark and Smith {19) and Markley^ {31) reported that polymeric 
factors govern the inheritance of carotenoid content in durum wheats. 

Multiple factor inlicritance for crude protein content was indicated 
by Aamodt and Torrie {2), Ausemus et al. {8), Clark {16), Clark et al. 
{16), Clark and Hooker {17), Clark and Quisenberry {IS), Clark and 
Smith {19), Hayes et al. {27), and Zinn (45). 

The mode of inheritanee of kernel weight was reported by Jasnowski 
{29, SO) to be governed by three factor pairs. 

Akerman {4), Hayes and Aamodt {26), Nilsson-Ehle {S3), Quisen¬ 
berry {34), Quis(*nberry and Clark {36), and Worzella {44), working 
with different wheat crosses, concluded that cold resistance is a herit¬ 
able character and is controlled by many genetic factors. 

Aamodt and Torrie {2), Ausemus et al. {8), Clark {16), Clark and 
Smith {19), Goiilden et al. {23), Hayes et al. {27), Waldron and Man¬ 
gels { 40 ), Whiteside et al. {42), and Zinn (49) studied the inter¬ 
relationship of factoi-s for quality, .such as proti'in content, loaf volume, 
texture, color, test weight, etc., on a series of varieties and s(>lecte<l 
hybrid strains. Data obtained by these workers show a general 
tendency for an association between protein cont('nt and loaf volume, 
carotenoid eouU'nt and crumb score, and kenu'l texture and protein 
content; however, many of the correlation coefficients were low in 
magnitude while others were not significant. In tench arae ter correla¬ 
tions between other components of quality usually were not signilicant 
or consistent uiuhn’ difl'erent conditions. 

Many investigators have reported that the mode of inlieritance of 
glume and kernel color is govenu'd by one, two,or three pairs of genietic 
factors. Ausemus (7) and Churchward (14) showed that one* factor 
pair governs the inheritance of coleoptile color, while Quisenberry 
(34) found two (actor pairs. The hiheritanee of straw' color was 
reported by Torrie (39) to be monogenic. Churchward (14) found a 
strong correlation bctw'eeu straw and coleoptile color. 

MATERIALS AND METHODS 

The experiments here reported were conducted with F 3 , Fi, and 
parent rows grow'n tinder field conditions during 19H7-38 and repeated 
in 1939-40. The three common wheat varieties American Banner, 
Trumbull, and Michikof W’cre used as parents in this study. Table 
1 shows the contrasting characters of the three varieties. 

Reciprocal crosses between pure lines of American Banin'r, Trum¬ 
bull, and Michikof were made in tlu* gr'eenhouse in 1935 and F, 
plants were grown during 1935-36. Tin* F 2 generation w'as grown in 
the field at the soils and crops farm at Lafayette, ind., during 1936-37. 
The kernels were spaced at 4 -inch intt'rvals in 18-foot rows 1 foot apart. 
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Table 1. —Contrasting characters of the parent varieties American Banner^ Trum^ 

hullf and Michikof 




Variety 

Difference 

necessary 

Contrasting characters 


American 

Banner 

Trumbull 

Michikof 

for signin> 
canee l^etween 
2 means 
(Odds 19:1) 

Qlutcn strength . .. 

Particle-size Index . , .... 

.minutes.. 

18.8 

31.4 

195 6 

16.42 

-p(»rcent-- 

10.5 

17 8 

8.8 

.87 

Carotenoid content. . . ... 

1 >. p. m.. 

1.87 

1.95 

2.09 

.08 

Protein content ... .... 

percent,. 

9.1 

9.6 

10 6 

.30 

1,000-kcrnel weight_ .. 

gram.s.. 

30.0 

35.2 

31.9 

1.00 

Test weight .. 

pounds.. 

57.5 

59.2 

00.2 

.67 

Cold resistance... .... 

.. pcTcent-. 

20.0 

24.2 

50.9 

1.09 

' Glume color .. . . 

Brown 

W"hlte 

W"hite 


Kernel color .... 


White 

Red 

1 Red 


Coleoptile color... 

... 

Green 

Purple 

Green 


Straw color . _ 

. . . .... 

W"hite 

Purple 

W"hite 

. 


> Percentage l)elow the mean (VVorzella, 43, pp. 707-708). 


A random soloction of the Fo populations was made as a basis for 
continuing tlie study in the Fa generation. Two hundred F2 plants 
were seh'cted from (»a(*h of the three crosses. In the fall of 1937, 50 
grains from each Fo plant wen* us(‘d to seed an F3 progtmy row" by spac¬ 
ing the kernels at 3-in(*h intervals in 12-foot row^s 1 foot apart. Check 
rows of the parent vari(*ties, sown in the same manner, wrere alternated 
every tenth row. Following a favorabh* growing season, from 35 to 
48 plants per row" W(*re available for harvest in 1938. Representative 
w heat samph's for each row* were obtained by harvesting 3 heads from 
each plant and thr(‘shing tln^rn in bulk. In addition, 1 head from each 
F3 hybrid plant was s(‘lect(*d for F4 progeny tests. The 066 composite 
samples, representing th(* panmts and F3 progenies of the 1938 crop, 
w*(*r(* analyzed for s(*v(‘ral compon(*nts of quality and cold resistance. 

In the fall of 1939, 200 grains from each F3 family were planted in 
6-foot row"s 1 foot apart. (<heck rows of the par(*nt varieties, sowm in 
the same manner, were alternated every tenth row. In addition, 
sev(‘ral F3 famili(»s that show"(*d wide differences in respect to quality 
w(»re further progeny tested in 4-foot head rows in the F4 generation. 
Each row was harv(*sted sej)arately and thr(*shed in bulk. R(*present- 
ativt* samples from each row" were used to conduct the quality studies 
of th(* 1940 crop. 

(iluten strength was determined by the wiieat-meal f(Tm(‘ntation- 
time test as described by (\itler and Worzella {21). Granulation or 
the particle-siz(* ind(*x of wheat meal was determined according to the 
method developed by Worzella and Cutler The method 

reported by Binnington and Geddes {11) with some minor modifica¬ 
tions was used for determining the carotenoid (‘ontent of wheat. 
A lO-grn. sample of finely ground wheat meal was placed in a 4-ounce 
bottle containing 50 cc. of water-saturated butanol and allowed to 
stand for 16 hours with occasional shaking. Clarification was 
effected by filtration through No. 1 Whatman paper. The yel|ow 
pigment content of the (*xtract W"as determined in a 2-cm. cell, using a 
KWSZ photometer. Pure beta-carotene was used to prepare a series 
of known standards. By means of a conversion table the percentage 
transmittancy readings were expressed as parts of carotene per million 
parts of wlieat meal. Crude-protein determinations were made 
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according to the method outlined in Cereal Laboratory Methods {6). 
Protein data are reported on a 13.5 percent moisture basis. The 
relative test weights of the small samples of wheat were determined 
by the method d(‘velop('d by Aamodt and Torrie (f). Cold-resistance 
studies were conducted linger artificial frt'ezing t(*sts according to the 
method described by Worzella and Cutler {^S), 

EXPERIMENTAL RESULTS 

Genetic analyses and (experimental data on gluten strength, granu¬ 
lation, carotenoid pigment content, crude protein, kernel weight, test 
weight, cold resistance, and several morphological characters are 
presented in the order namcHl. Following these, the relationships 
betwiHUi the cliaractc'rs ar(‘ reported. 

INHERITANCE OF CHARACTERS 
Gluten Strencth 

To study the inlu'ritance of gluten strength, fermentation-time 
tests were made on the grain obtained from F 3 and F 4 hybrids and 
parents, originating from a triangular cross of American Banner, 
Trumbull, and Michikof, growm at Lafayette, Ind., in 1937-38 and 

Table 2. —Frequency distribution of fermentation time for gluten strength of hybrids 
from American Banner X Trumbully American Banner \ Michikof, and Trum¬ 
bull X Michikof crosses and of the parefit varieties 



c 


Lines in cla.ss tvnter for fernii'iitation tiint 

in 



c 




luimlM'rof minutes stated > 




Part'll t or cross 

cd 

i-i 

C/ 

Year 









-- 



c 


18 0 

24 4 

33.! 

' 44 9 , <>0 8 

82 4 

111 8'I.51 1206 2', S 

















Vo 

IVo 

No 

Vo 

Vo. 

Vo 

Vo. 

A’o. 

No 

No. 

Airicncan Banner - 

Pi 

1938 

20 

2 








22 

Uo.. 

P' 

1940 

18 

4 








oy 

Trumbull . . 

P' 

1938 


1 

21 







22 

Do 

Pi 

1940 


7 

16 







22 

Michikof 

Pi 

1938 








3 

19 

22 

I>0 

Pi 

1940 








4 

18 

22 

AB X T 

F, 

1938 

.54 

120 

26 

1 






200 

Do_ _ 

Ft 

1940 

61 

111 

37 

1 






2(H) 

AB X M 

F, 

1938 

1 

1 

37 

76 

.54 

14 


6 

2 

m 

Do., . 

Ft 

1940 


3 

31 

4 4 

46 

17 

16 

10 

1 

2(K) 

T X M.._ 

F'l 

1938 



5 

36 

64 

42 

29 

21 

3 

200 

Do.. .. 

Ft 

1940 




27 

40 

46 

36 

33 

8 

200 

Pedigree No. 





1 

! j 

1 







76_ 

Ft 

1940 

24 

2 


1 






26 

6:i5.... 

Ft 

1940 

7 

13 

^ ' 1 




1 



21 

299-..- 

Ft 

1940 



l 

4 

14 

1 

3 

1 i 


28 

6.50- -. 

Ft 

1940 




1 1 

3 

3 

6 

4 1 

"l 

18 

603 .- 

Ft 

1940 







l 

ii 1 

4 

16 

266.... 

Ft 

1940 




-- 




’i 

21 

22 


ill* 


10 > 


A/m 
IH .S 
1 » 1 
:{2 7 
;(() 1 
1 % » 
2 

23 6 

24 0 
.62 2 
64 1 
74 0 
82 2 


■ K 4 
N r> 
H U 
13 U 
10 6 
11 3 
17 4 
' IH 6 
i32 H 
33 0 
311.8 
37.7 


2 I 8 2 
22.4 116 7 
66 2 i27.0 
101.0 ,33 3 
l(i6 6 13.6 
202 3 8 8 


* A logarithm of 0.132 was usi'd in calculating cla.ss intervals (Worztdla, 4 S, p. 707). 
2 Perccnlagfi below the mean (Worzella, 4^. PP> 707-70S). 


1939-40. The data obtained were arranged in frequency distribu¬ 
tions and are shown in table 2 and in figure 1. 

The results show that the three parent varieties are widely different 
in gluten strength. The average time of disintegration for dough 
balls made from American Banner, Trumbull, and Michikof, was 
sl)out 19, 31, and 195 minutes, respectively. 
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The gluten quality of the F 3 families^ in each cross, varied all the 
way from that of the weaker to that of the stronger parent. The 
frequency distributions of fermentation time for the hy'brids from the 



Fkiijre 1. —Range in fermentation time for gluten strength of the parent varieties 
American Banner, Trumbull, and Michikof, and F 2 distribution of fennentation 
time for gluten strength of hybrids from American Banner X Trumbull, 
American Banner X Michikof, and Trumbull X Michikof crosses. Cn ps of 
1938 and 1040. 

American Banner X Michikof and Trumbull X Michikof crosses, 
approach normal curves. There is, however, a preponderance of 
hybrids toward the short time side of the frequency distribution 
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which may bo duo to Iho ('ffoct of environmental conditions favoring 
the development of weak gluten wheats. F 4 families just as weak as 
American Banner and just as strong as Michikof in gluten strength 
were recovered. Some of the F 4 lines (76 and 266) bred compara¬ 
tively true, th(' range for time being no great(‘r than for the parents, 
while others varied as much as the Fg generation (F 2 distribution). 

The sharp rise in the variability between the parents and later gen¬ 
erations, the recombination of families possessiong various degrees 
of gluten strength, and the reappearance of parental types, indicate 
ch^arly the (existence of segregation of genetic factors. Since about 
one-fourth of the families in the American Banner X Trumbull cross 
possess approximately the sanu' gluten (quality as that found in Amer¬ 
ican Banner, it would appear that 1 major factor pair governs the 
mod(» of inheritance of glutcm strength in this cross. Bas(‘d on the 
number of parental recombinations, when only 200 families were 
studied, the data indicate that about 4 factor pairs are involv(Ml in 
the inheritance of gluten strength in the Am(‘rican Banntu* X Michikof 
cross, while about 3 factor pairs may explain tlu^ gtuietic difference 
between the Trumbull and Michikof varieties. The writer is not 
unmindful of tlu' fact that such a genetic analysis may not always 
hold true, since environimuit greatly influences the* expr(*ssion of the 
gluten (juality character. 


(iKANVI. \TlON 

M(‘al granulation, or degn*e of particle finciK^ss, is an important 
component of wheat (luality. In studying its mode of inlieritance, 
granulation tests were conducted on finely ground wheat meal of 
Fg and F 4 hybrids originating from three crosses. Tlu' data, (‘xpressed 
in perccMitage and designated as particle-siz(' index, are givcui in table 
3 and figure' 2. 


Tablk 3. —Frequency distnbution of particIc-size index of hybrids from American 
Banner X Trumbull, American Banner y Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 





Lines In class cimter 

for 

part icle si/c index of 



p 


Ci<*n- 

V>Hr 


wheat meal in iwcentape stale<i 


1 



c3*5 

Parent; or cross 

era- 

1 


__ 


___ 


_ 



_ 



0 

c 



tion 



1 

1 

1 





1 

1 


c 

0 

5 t 


. ^ i 


23 4 

21.8] 

20 2 

18 6 

17.0 

15 4 

13 8 

12 2 

U).6i9 0 

7 4 

►J 

Pi 

c/j-O 



i 

No 

No 

No 

No, 

No 

No 

No 

No 

No 

1 

No. 

No 

No 

Pet. 


American Banner 

Pi 

1938 





4 

10 

7 

1 




22 

15 1 

135 

Do . 

Pi 

1946 



5 

6 

8 

3 






22 

17 9 

1 62 

Trumbull .. 

Pi 

1938 





9 

5 

i 





22 

17.0 

1 24 

Do .. 

Pi 

1940 

i 

2 

2 

9 

8 1 







22 

18 7 

1.88 

Michikof_ .. -- 

Pi 

1938 


_ 







1 

9 

12 

22 

8.3 

.81 

Do .. 

Pi 

1940 








2 

4 

14 

2 

22 

9 4 

1.23 

AB X T...... 

Fg 

1938 



9 

52 

88 

45 

3 

3 


--- 


2(K) 

17.1 

1.48 

Do. . 

F4 

1940 

i3 

39 

68 

62 

16 

2 




- 


200 

19 9 

1 71 

AB X M.. .. 

Fg 

1938 



2 

6 

18 

19 

29 

43 1 

32 1 

31 1 

20 ' 

200 

12.2 

3.10 

Do. 

F 4 

1940 




4 

15 

18 

36 

47 

42 

30 

8 

200 

12 3 

2.64 

T X M... 

Fg 

1938 



"1 

r> 

19 

22 

29 

43 

34 

31 

16 

m 

12.3 

2.98 

Do... 

¥i I 

1940 


_ 

4 

10 

15 

34 

47 

35 ! 

31 

20 1 

4 

200 

13.3 

2.84 

Podifrree No.: 










i 







299 .. ... 

y* 

1940 


1 

1 

4 

10 

9 

2 

1 




28 

16.6 

1.98 

216. 

F4 

1940 




3 

16 

10 






29 

16.6 

1.02 

339.. 

Fi 

1940 




2 

3 

4 

6* 

.... 

3 

Y 

‘1 

26 

13.4 

3.05 

635.. ... 

F4 

1940 






1 

2 

8 

8 

5 

2 

21 

10,7 

2.05 

322. 

F. 

1940 









3 

5 

22 

30 

8.0 

1.07 





I 




r*" 
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A comparison of the results of the two seasons shows that the wheat 
of the 1940 crop produced a finer meal or flour than tliat harvrated in 
19.38. The average particle-size index of 16.5 and 17.8 for American 



PARTICLE-SIZE INDEX OF MEAL (PERCENT) 

Figure 2. —Kange in particle-size index of the parent varieties American Banner, 
Trumbull, and Michikof, and F 2 distribution of particle-size index of hybrids 
from American Banner X Trumbull, American Banner X Michikof, and 
Trumbull X Michikof crosses. Crops of 1938 and 1940. 


Banner and Trumbull, respectively, indicates that these varieties 
grind into a relatively fine meal, whereas the variety Michikof, with 
an index of 8.8, produces a coarse meal. 
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The hybrids, considered as a whole, are intermediate to the parents 
in meal granulation with F 3 families varying in degree of particle 
fineness from the finer to the coarser grinding parent. The frequency 
distributions of particle-size index, for each of the 3 hybrid popula¬ 
tions, suggest a normal (uirve. F 4 lines (216 and 322) were selected 
that varied wid('ly in meal graiuilation and that bred comparatively 
true. The results show, therefore, that meal granulation is inherited 
in the same way as other quantitative characters; however, sinc(‘ 
parental recombinations reappeared many times in populations of 200 , 
it appears that oidy a few genetic factors goveni the mode of inheritance 
of meal granidation in the varieties studied. 

Cahotknoii) Pigment (Jontent 

The amount of carotenoid pigments in wheat usually reflects color, 
an important charaideristic of white flour. Samples of wheat, 
representing hybrid lines and parent rows, wi're analyzed for the 
amount of carotenoid pigments in order to study the mode of inheri¬ 
tance of this character. The data are shown in table 4 and figure 3. 


Table 4. —Frequency dislribvHon of carotenoid pigjnenta of hybrida from American 
Banner X Trurnb'ulL American Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 



a 


Lines in class center for carotene in parts per million 



11 


2 







stated 







Varent or cross 

Year 













s 

*5 « 


a 


















o 

C 


1 3 

1.5 

1 7 

1 9 

21 

23 

2 5 

7 

2 9 

3.1 1 33 

3 5 



^ 6 




No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

1 

iVo 'A’o 

No 

/) ij m 


American Banner 

Pi 

1938 



0 

II 

5 

_ 







22 

I IH) 

0.15 

Do__ 

Pi 

1940 



8 

13 

1 








22 

1 84 

11 

Trumbull. 

Pi 

1938 

.. 


2 

13 

7 








22 

1 93 

.11 

Do. 

pi 

1940 



2 

10 

10 








22 

1 97 

.14 

Michikof. 

Pi 

1938 


___ 


8 

10 

4 







22 

2 00 

13 

Do. 

Pi 

1940 



_ 

3 

14 

5 







22 

2.12 i 

12 

ABXT .... 

Fs 

1938 


28 

78 

73 

10 

5 


_ 





2(H) 

1 80 

. 19 

Do . 

Vi 

1940 


3 

47 

87 

50 

11 

2 






200 

1 93 

18 

AB X M. 

Fa 

1938 ! 

"2 

15 

20 

34 

09 

40 

10 

"2 

2 




2(H) 

2.04 

.29 

Do.. 

F4 

1940 

1 

21 

38 

51 

53 1 

20 

9 

1 

1 





2(H) 

1 95 

.27 

TXM _ 

F,1 

1938 

7 

33 

35 

52 

30 

2.5 

10 

1 




2(H) 

1 (HI 

! .32 

Do _ 

F4 

1940 

1 

19 

25 

i 

41 

39 

*24 

10 

4 




200 

2 09 

. 35 

Pedigree No • 


















289... 

Ft 

1940 

3 

i 24 

3 







■ 



i 30 

1..50 

09 

277. 

Ft 

1940 


1 

4 


0 

’2 

1 






1 28 

1 88 

.27 

228..., 

Ft 

1940 



1 

1 

5 

11 

0 






1 24 

2 27 

20 

299. 

Ft 

1940 



1 

2 

10 

0 

3 

4 

'2 




1 28 

2 30 

.31 

380_ 

Ft 

1940 








4 

1 7 

' 7 

0 

3 

27 

3.08 

.25 

1 










1 1 




The actual values for total carotenoid content in whi'at shown in 
table 4 and figure 3 are somewhat lower than usually reported in the 
literature. There is disagreement among investigators as to the 
material best suited for the preparation of standards in the calibration 
of photoelectric instruments. In this study pure beta-carotene, which 
is not completely soluble in water-saturated Dutanol, was used. 

The results show that the parental varieties do not differ greatly in 
carotenoid content; however, the variety, Michikof, is significantly 
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father in the amount of yellow pigments than the varieties American 
Banner or Trumbull. In each cross, the F 2 distributions exceed the 


■ 



CAROTENOID PIGMENT (PARTS PER MILLION AS CAROTENE) 

Fkiitre 3.— Ran^e in carotenoid pipjment contcMit of the parent varieties American 
Banner, Trumbull, and Michikof, and ¥2 distribution of carotenoid pigment 
content of hybrids from American Banner X Trumbull, American Banner X 
Michikof, and Trumbull X Michikof crosses. Crops of 1938 and 1940. 

range of the parent varieties, indicating transgressive segregatioii for 
carotenoid content. Fa families as low as 1.3 parts per million and as 


404G5G--- 42 
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high as 2.9 parts per million in carotene were recombined. The 
frequency distributions of carotene for the hybrid populations ap¬ 
proach normal curves. F 4 lines were selected that varied from an 
average of 1.50 parts per million to 3.08 parts per million in carotene. 

The sharp rise in variability between tlu^ parents and F 3 generation, 
and th(' recombination of lines beyond the range found in the parents 
(transgressive inheritance), indicates that the mode of inheritance of 
carotenoid pigment content in wheat is governed by several genetic 
factors. The data show that although the varieties used in this study 
varied little in carotenoid content, they are genotypically different 
and possess different pairs of genetic factors for this character. 

Crcde Protein 

Crude-protein detenninations were mad(' on several hundred samples 
of wheat, representing hybrids and parent rows, in order to study the 
manner of inheritance of this character. The data obtained are 
presented in table 5 and figure 4. 

A study of the inheritance of crude-protein content is difficult to 
make since this character is greatly influenced by (‘iivironmeiital 
conditions. In the 1938 crop, the protein content of the 22 samples 
of American Banner wheat, all grown within an area of onc'-fourth 
acre, varied from 8.5 to 10.0 percent, and for tin' same year the samples 
of the variety Trumbull varied from 8.5 to 11.5 p(*rcent in protein. 
Also, the wheat harvested during the 1938 season contained a higher 
percentage of protein that that of the 1940 crop. 

On the basis of tlie 2 years’ data the average protein content of 
American Banner, Trumbull, and Michikof is 9.1,9.0, and 10.0 percinit, 
respectively. The difference's lietween these values an' statistically 
significant, indicating that the varieties used in this study are geneti¬ 
cally different in crud('-])rotein content. The hybrids, considered as a 
whole, are intermediate to the parents, with line's varying in percentage 
protein from the lowe'r to the higher parent. F 4 families that varied 
significantly in protein content were se'h'cte'd. The data inelicate' 
that the mode of inheritance' of cruele'-protein content is conelitioru'el 
by multiple factors. 


Table 5. —Frequency difttnbntion of percentage of protein of hybrids from American 
Banner X Trumbull, Amcr'icnn Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 



§ 


Lim*.s in class center for protein content in 



T* C! 







permit aee stated 







Parent or cross 

1 

Vear 

— 


■ 

— 

— 

— 


— 


— 

§ 

5 

1 ! 


c5 


7.8 

.S.3 

8.8 

9.3 

9 8 

10 3 

10.8 

11.3 

11 8 

12 3 



wn 




No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Prf. 


American Banner_ 

p. 

J038 



7 

9 

« 






22 

9 3 

0. 32 

1)0 __ _ 

Pi 

l«40 


6 

8 

5 

2 

1 





22 

S 9 

.56 

Trumbull... 

Pi 

lOTM 



1 

0 

9 

4 

1 

1 



22 

9.9 

56 

Do ... 

Pi 

1940 



3 

11 

7 

1 


> 



22 

9 4 

.39 

Michikof... _ 

Pi 

19.^8 

- 




2 

9 

5 

3 

3 


22 

10 8 

57 

Do ... 

Pi 

1940 




i 

4 

11 

6 

1 



22 

10 3 

.45 

ABXT .. 

Fa 

1938 

.... 

3 

43 

100 

44 

8 

2 




200 

9.3 

.43 

Do... 

F4 

1940 


14 

m 

75 

48 

5 

1 




200 

9 2 

.49 

AB X M. _ 

Fa 

1938 



4 

23 

00 

51 

36 

'20 

3 

3 

200 

10.2 

.69 

Do.. 

! F* 

1940 

'V 

8 

51 

90 

39 

11 





200 

9 3 

.47 

T X M__ 

Fa 

1938 



2 

10 

52 

65 

54 

i.V 

4 


2(K) 

10.3 

.56 

Do.. .. 

F4 

1940 



5 

40 

86 

51 

17 

1 



200 

9.9 

.47 

Pedigree No.: 
















20. 

F 4 

1940 

_ 

_ 

11 

14 

5 






30 

9 2 

.36 

29»_.... 

F 4 

1940 

_ 



1 

8 

12 ' 

A 

2 

‘l 


28 

10 3 

.55 

228. 

F4 

1940 







9 

6 

5 

4 

24 

11.4 

.56 
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Kernel Weight 

The 1 , 000 -kernel weight of wheat, representing Fa families and 
parent rows, was determined when grown under similar environmental 



PROTEIN (PERCENT) 

Fkjijre 4.—Range in crude-protein content of the parent varieties American 
Banner, Trumbull, and Michikof, and Fg distribution of crude-protein content 
of hybrids from American Banner X Trumbull, American Banner X Michikof, 
and Trumbull X Michikof crosses. Crops of 1938 and 1940. 

conditions. The data for these and also for several selected F 4 
families are presented in table 6 . 
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Table 6 . —Frequency distrihution of weight of 1,000 kernels of hybrids from American 
Banner X Trumbull, American Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties 



' i 


Lines in class center for 1,000-kernel weight 



T3 a 


oa 




in number of grams stated 




S8-2 

Parent or cross 

c 

Year 













ll 


5 


25 

27 

20 

31 

33 

35 

37 

39 

41 

43 







No. 

No 

No 

No. 

No. 

No 

No. 

No 

No. 

No. 

No. 

Gmn. 


American B-mner 

p. 

1038 



1 

2 

5 

0 

4 

1 



22 

34.0 

2.37 

Do 

Pi 

1040 






3 

11 

7 

i 


22 

37.5 

1 54 

Trumbull 

Pi 

1038 





5 

11 

0 




22 

35. 1 

1.28 

Do 

Pi 

1040 




1 

1 

12 

8 




22 

35.4 

1 50 

Michikof 

P, 

1038 



1 

11 

0 

1 





22 

31.0 

1 27 

Do 

Pi 

1040 



1 

8 

12 

1 





22 

32.2 

1 34 

AB X T _ . 


1038 



4 

0 

21 

30 

50 

42 


7 

200 

30 0 

3 00 

Do 

Vi 

1040 




2 

IK 

52 

82 

30 

7 


200 

30.0 

2 00 

AB X M . 

F3 

1038 



4 

37 

47 

48 

47 

10 

1 


200 

34 5 

2.00 

Do 

Vi 

1040 



5 

31 

53 

04 

30 

10 

1 


200 

34 3 

2 37 

TXM..._ 

Fa 

1038 



3 

15 

51 

82 

37 

11 


1 

200 

35. 7 

2 15 

Do_ - 

Vi 

1040 



7 

40 

78 

40 

10 

1 



200 

34 3 

2 02 

Pedigree No 





i 











29«_ 

Vi 

1040 

5 

H 

0 

G 







28 

28 2 

2 04 

210 

Vi 

1040 



1 

14 

11 

3 





20 

32 1 

1 52 

70 - 

Vi 

1040 




3 

11 

10 

2 




20 

33 8 

1 02 

5_ 

Vi 

1040 1 






10 

13_ 

3 ’ 



2s 

30 5 1 

1 82 


Tlio kernel weight of wheat is greatly iiifluenecHl by (Mivironniental 
conditions as indicated by the wide range found in the parent varieties. 
The results show that the varieties American Baniuu* and Trumbull 
possess large kernels while the kernels of the variety Michikof are 
considerably smaller. Th(‘ hybrid populations, as a whoh', ar(» inter¬ 
mediate to the parents in kernel size. F 4 families that varied widely 
in kernel weight were recombined. Thes(‘ data suggest that the 
inheritance of kernel weight is conditioned by multiple factors. 

Test Wekjht 

Test weight is an important component of wheat (piality since it 
giUKU’ally retl(‘cts Hour yield. To study its mode ot inluTitance 
t(»st-w(ught determinations were made* on wheat from hybrid poj)u- 
lations and parent rows grown under comparabh* environmental 
conditions. The* data, arranged in frequency distributions, are shown 
in table 7. 


Table 7. —Frequency distribution of test weight of hybrids from American Banner X 
Trumbull, American Banner "/ Michikof, and Trumbull ^ Michikof crosses and 
of the parent varieties 


Parent or cross 


Vear 


Lines in class center for test weight in 
nuinlM‘r of i>oun(ls stated 


.54,5 5 .w ,<> fir. .*) .w r >a tio k, 


(»1 5 r»2 03 5' 




1 COT5 





No \No 

No 

No 

No 

No 

No 

No 

A'o 

No 

No 

Lb. 


Atnerican Banner. . . 

Pi 

i9:i8 

2 

4 

3 

9 

3 

] 





22 

50.9 

1 24 

Do 

Pi 

1940 



3 

7 

9 

3 





22 

58. 1 

.92 

Trumbull- 

Pi 

1938 


1 

1 

8 

5 

0 

1 




22 

58 8 

.83 

Do .. 

Pi 

1940 




3 

1 

12 

0 




22 

59 5 

95 

Michikof__ . 

Pi 

19:i8 



1 

2 

2 

7 

7 

3 



22 

60.0 

1 29 

Do_ _ 

Pi 

1940 





1 

0 

10 

2 

3 


22 

00 5 

1.07 

AB X T 

Fa 

1938 

2 

0 


44 

79 

43 

4 




2(H) 

.58.2 

1. 13 

Do 

F4 

1940 

2 

13 

34 

43 

.58 

47 

3 




200 

.58 0 

1.29 

AB X M.. 

Fa 

19.38 



8 

35 

00 

07 

30 




200 

.58.9 

LOO 

Do - - 

F4 

1940 




1 

5 

37 

107 

48 

2 


2(K) 

00.5 

.78 

T X M. 

Fa 

1938 



1 

0 

27 

08 

80 

15 

3 


200 

59.9 

.99 

Do__ 

Vi 

1940 





1 

12 

74 

95 

18 


200 

01.1 

.70 

Pedigree No.! 
















70—.. 

Vi 

1940 

5 

5 

10 

5 

1 






26 i 

.56.2 

1 12 

6. 

Vi 

1940 

_ 



9 

13 

0 





28 

58.4 

.74 

289. - . 

Vi 

1940 

_ 


_ 


1 

9 

17 

2 

1 


30 

60.3 

.78 

322. 

Vi 

! 1940 






1 

10 

16 

3 


30 

61.2 

.70 

, 277 . 

Vi 

1940 




- 




9 

12 

7 

28 

62.4 

.78 
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Comparing the data of the two seasons, it is evident that the 
wheat of the 1938 crop was lower in test weight than that of the 
1940 crop. The average test weights, for the 2 years, of American 
Banner, Trumbull, and Michikof, are 57.5, 59 . 2 , and 60.2 pounds, 
respectively. The Fa distributions of test weight, for each of the 3 
hybrid populations, suggest normal curves. F 4 families varying from 
56.2 to 62.4 pounds in test weight were selected. The data indicate, 
therefore, that test weight is a quantitative character governed to 
some extent by several genetic factors. 

Coi,o Resistance 

In studying the inheritance of cold resistance, F 3 and F 4 lines, 
together with their parents, were subjected to artificially controlled 
freezing tests during the winters of 1938-39 and 1939-40. The data 
obtained are presented in table 8 . 


Table 8. —Frequency distribution of cold resistance of hybrids from American 
banner X Trumbull, American Banner X Michikof, and Trumbull X Michikof 
crosses and of the parent varieties, as determined by controlled freezing tests 



1 


Lines in class center for estimated wmte 

r 



c 


eS 



survival in iiercentaRc* stated 





S ‘2 

Parent or cross 











cn 

5 

'S’S 


C 







1 





Q'p 



17,5 

, 22 5 

27 5 

32 5 

37 5 

42 

47 5 1 62 6 

67 5 


'Pi 

r/j-V 



No 

No 

No 

No 

No. 

No. 

No 1 No 

No. 

No 

Fct. 


American Banner.. 

P| 

19 

31 

i 







50 

20.6 

2 42 

Trumbull . 

P. 

1 

31 

18 







.50 

24.2 

2 61 

Michikof . . 

P. 






1 

17 

29 

3 

50 

50 9 

3.11 

AH XT.. . 

Fa 

35 

13t) 

29 1 





. 

1 

1 

200 

22 4 

2 83 

AB X M .. 


2 

14 

37 1 

51 

53 

32 

10 

1 


2(X) 

34.5 

6.78 

q' X M 

PcdiRn'c No . 

F, 1 


1 

! 

25 

65 

57 

28 

13 

i 

200 

.38.0 

6 26 

509 

F 4 

in 

3 

L - - 1 

1 






19 

IH 3 

1.88 

M) .. 


3 

11 

10 ! 

3 I 



_ 



27 

24 9 

4.27 

219 

F 4 


2 

12 1 

^ \ 


I 

I 



28 

30 5 

4 42 

(>35 

F 4 



1 ! 

12 


3 I 




21 

34 9 

4.09 

339 

F 4 



1 

1 

] 

! 1 

! 5 j 
{ 

ihI 

4 


26 

46.9 

4 06 


Till' iTSulls show an av(‘ra^e tstiinaiod winter survival of 20.6, 24.2, 
and 50.9 poreent for tlie parental varieties American Banner, Trum¬ 
bull, and Micliilvof, r(*spectively. F 3 familii'S varied in cold resistance 
from that of the tcuuler to that of the hardier parent, with the majority 
of the lines interme<liate to the parents. Some F 4 lines were recovered 
that W(*re as suscc'ptible to frost injury as the nonhardy variety 
Ameri(*an Banner, while others were almost as hardy as Michikof. 

The increase in the variability between the parents and the F 3 gen- 
ei ation indi(‘ates the segregation of genetic factoi's. The results indi¬ 
cate, therefore, that cold resistance is a quantitative character condi¬ 
tioned by several genetic factors. These results confirm the findings 
of other investigators, especially those of Hayes and Aamodt (26)^ 
Nilsson-Ehle (33), Quisenberiy (34), and Worzella (44)* 

Morphological Characters 

Since the parental varieties varied in several morphological charac¬ 
ters, records were made of the colors of the straw, coleoptile, glume, 
and kernels of the hybrid materials. On the basis of F 3 breeding 
behavior, the families were classified as homozygous dominant, 
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heterozygous, or homozygous recessive. Since the development of 
straw color was influenced considerably by environmental conditions, 
some difficulty was experienced in distinguishing between bleached 
piu'ple and white culms. Consequently, the homozygous dominant 
and heterozygous families for straw color were combined. The 
results wert' summarized and the F 2 segr(‘gation of the morphological 
characters in three crosses is given in table 9. 

It will be noted from the data in table 9 that the hybrids segregated 


Table 9 - F 2 segregation of nmrphologiral characters in American Banner X 
Trumhull, American Banner X Michiko/f and Trumbull X Michikof crosses 




Number of families in class 






indicated 




Parents and characters 

Ratio 

Homo- 

lletero- 

Homo- 

x» 

P 



zygous 

zygous 





dominant 

1 


recessive 



AmtTican Banner X Trumbull 
»^rown and white glume _ 







/Observed 
/Calculated (12 1)-. 

49 

102 

49 




100 

.50 

0.08 

0.96 

lied and white kernel . _ 

lObst'rved . - 

53 

97 

1 .50 




/(Calculated (1 2.1). 

50 

100 

50 

.27 

89 

Purple and green coleoptilt*- 

/Observed - 
lU'aleulated (1.2.1). _ 

50 

107 

43 



.50 

m 

50 

1.47 

.48 

Purple and white straw. 

/Obwrved 

(Calculated (3 1) ... 

W 

u 

43 



150 

.50 

1.31 

. 26 

American Banner X Michikof: 






^row’n and w'hito glume -. ... 

/ObstTved 

/("aleulated (1:2.1) . 

50 

1 105 

45 



.50 

1 100 

50 

.75 

.73 

lied and white kernel 

/Observed . 

1 Calculated 63 1) 

im 

1 4 




196 9 

3 1 

1 .27 

.68 

Trumbull X Michikof 

1 



1 

1 


Purple and green eoleoptih*.. 

/Observed 
(('alculated (1.2.1) 

<7 

103 

50 



.50 

100 

50 

.27 

.89 

Purple and whit<‘ straw' 

/Observed . . 1 

/(Calculated (3 1)... . 

1, 

50 

.50 



1,50 

1 1 

50 

0 

1.00 


in a 1:2: J ratio for glume, coleoptile, and kerru*! color, and a 8:1 ratio 
for straw color. These ratios indicate a single-factor diflVience for 
each of the characters in the crosses studied. Also, in the AmcTican 
Banner X Michikof cross, three pairs of factors are involved in the 
inheritance of kernid (^olor. 


1nterannt^\l Correlations 

Interannual correlation coefficients wctc calculated for the com¬ 
ponents of wlu'at quality in order to learn the ('xtent to which the 
hybrids reacted in the same way in diff(*r(*nt sc'asons. Tlu^se data 
are reported in table 10. 

It will be noted that highly significant positive interannual correla¬ 
tion coefficients were obtained for th(‘ components of quality studied. 
Since the soft wheat varieties, AmtTican BainuT and Trum))ull, vary 
slightly in quality, hybrids from this cross show correlation coeifi- 
cients of low^er magnitude than those obtained on the more diverse 
hybrids from crosses involving hard and soft wheats. 

The high coefficients of correlation lor gluten strength, granula¬ 
tion, and carotenoid cont(;nt, especially in the American Banner X 
Michikof and Trumbull X Michikof crosses, indicate that the hybrids 
reacted in nuch the saire way in the two seasons. The magnitude 
of the interannual correlations for protein, 1,000-kernel weight, and 
tost weight, although highly significant, is rather low, indicating that 

S vironmental conditions greatly influence the expression of these 
aracters. 
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Table 10. —Inter annual correlation coefficients of components of wheat quality 
of WO hybrids from each of American Banner X Trumbull, American Banner X 
Michikof, and Trumbull X Michikof crosses grown during 1938 and 1940 


Components of quality 

Correlation coefficients on the data ob¬ 
tained from the 1938 and 1940 crops in*— 

American 

Banner 

X 

Trumbull 

American 

Banner 

X 

Michikof 

Trumbull 

X 

Michikof 

Olutcnstrenffth. ... ... . ... 

0 49 

0.79 

0.77 

Oranulatiou... . . . . . . . ... 

47 

.84 

.89 

Carotenoid content . ... _ ..... 

28 

.76 

.82 

Protein. .. . . . . . 

.30 

.35 

.37 

1,000-kernel weight - ... . 

.47 

.65 

. 5:1 

Test weight .. _ . _ __ ... 

.24 

.42 

.49 


1 A correlation coefficient of 0.181 ia at the l-ixjrcent level of siuniftcauee. 


Th(i consistency and magnitude of the interamnial correlation coeffi¬ 
cients for eaeh of the thr(»o crosses provides further evidence that the 
variance obsc^rvc'd in the characters gluten strength, granulation, 
carotenoid content, prottun, kernel weight, and tt^st weight in wheat is, 
in part, gtundic in nature. 

INTERRELATIONSHIP BETWEEN CHARACTERS 

Many wheat iriv(‘stigators are of the opinion that associations 
(Lxist b(‘tween certain components of (piality and also bet^'^een certain 
of these and winter hardiness. For example, ( 1 ) hard vitreous wiieats 
an' regarded us being high in protein content and possessing a strong 
glut(*n, whil(‘ solt starchy kernels are considered as being low' in 
protein and weak in gluten strength, ( 2 ),w'hite wheats are believed 
to possess weaker gluten than redkernel wheats- and (3) soft wdieats 
ar(* regarded as less w inter hardy than hard wheats. These relation¬ 
ships an* bas(*d, for the most part, on observations and experiments 
conducted on a series of varieties or selected hybrid strains. Asso¬ 
ciations bi'tween characters obtained from such studies would be 
affected by the wheats chosen, and would not necessarily reflect the 
natural ndationships present in randomly selected hybrid populations. 

For the present investigations 200 hybrid families from each cross, 
S(*lect(Hl at random, were used. Obviously, such a sample represents 
a population of wheats in which the recombination of characters was 
governed by the laws of heredity. In (h'termining the relationships 
between the 11 characters studied, the data were subjected to corre¬ 
lation, chi-square, and linkage analysis. 

C.’ORREL\T10N Ax\D C'hI-SqI ARE ANALYSIS 

To im'asure the degree of association, if any, the method of correla¬ 
tion was used for the quantitative characters, while the chi-square 
test was used wdiere qualitative characters were involved. Since the 
hybrids of the three crosses represent different populations, correla¬ 
tion and chi-square analysis were calculat('d si^parately for each 
cross. The data, indicating the interrelationship of components of 
quality, cold resistance, and several morphological characters of 
wheat hybrids from three crosses, are reported in tables 11 , 12 , and 13. 

The intercharacter cx)rrelation 8 in tables 11 , 12 , and 13, in4icate 
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very little, if any, association between cold resistance and the com¬ 
ponents of quality studied. Although several of the correlation 
coefficients are statistically significant, they arc rather small and 
inconsistent in each of the three crosses and for the 2 crop years. 
The morphological characters kernel color, glume color, coleoptile 
color, and straw color, arc inherited independently of cold resistance. 

Table 11. —Relations among components of quality, cold resistance, and morpho¬ 
logical characters of WO wheat hybrids from American Banner X Trumbull cross 
grown during 1938 and 1940, expressed by correlation, coefficients and chi-square 
probabilities * 


Association bctwmi characters indicated 


Characters 

Crop 

of— 

Cold resist¬ 
ance 

JG 

£ ® 
u 

— VI 

o 

Granula¬ 

tion 

Carotenoid 

content 

Protein 

1,000-kernel 

weight 

Test 

weight 

Kernel 

color 

Glume 

color 

Coleoptile 

color 

(ilutcn strciiRth. 

/1938 

0 

07 













\ IMO 


12 












Granulation _ 

/1938 


11 

0 07 












11940 


00 

26** 











Carotenoid content 

/19:i8 

— 

04 

- 17* 

0 

38** 










11940 


10 

- 02 


01 









Protein ... . 

ri938 


09 

13 

— 

08 

-~0 

08 








11940 


OS 

28** 

— 

04 

— 

11 







1,000-kerncl weight. 

/1938 


00 

12 

— 

30** 

— 

.53** 

-0. 10 






11940 

— 

02 

01 

— 

00 


.^9** 

,03 






Test weight. . 

/193S 


12 

02 

— 

17* 

— 

33** 

12 

0 42** 






11940 


10 

- 02 


23** 

— 

17* 

- 10 

17* 





Kerni'l color.. 

/1938 

71 


.‘54 

13 


70 


vl** 

01 

01 





11910 

71 


8.*) 

40 


10 


-;i** 

79 

50 




Glume color . _ 

/1938 

24 


^1** 

70 


49 



1 0 

40 I 

i 78 




11940 

24 


2* 

30 


97 


20 I 

81 i 

75 1 




Coleojitile color. 

/1938 

80 


28 

95 


77 


82 1 

15 ' 

fM) ! 

8;i 

87 

_ 

11940 

I 80 


75 

74 




78 

00 

80 

20 

72 


Straw color. _ 

(1938 

80 

1 

! 28 

95 


77 


82 1 

15 

00 

814 

87 

! 0** 


11940 

80 


i 75 

1 

74 


.50 


78 

00 

1 

80 

20 

72 

i 0** 


> Percentage rirobaiiility for chi-squarc test 
2 ♦Odds at least 19 to 1; ••odds at least 99 to 1. 


Table 12 . ~~ Relations among components of qualityy cold resistance, and morpho¬ 
logical characters of 200 wheat hybrids from American Banner X Michikof cross 
grown during 1938 and 1940, expressed by correlation coepicients and chi-square 
probabilities * 


Association between characters indieati'd * 


Characters 

Crop 

of- 

Cold 

resist¬ 

ance 

Gliilen 

strength 

Granula¬ 

tion 

(^arole- 

noid 

eontont 

lYotein 

ill 

Test 

weight 

Gluten strength . .. 

Granulation . .... 

Carotenoid content. .. 

Protein. . . - 

1 ,000-kemel weight.. 

Test weight. . 

Glume color. 

iiiiiiiiiiiiii 

0 10 
.08 
17* 
-.09 

- 04 

03 

- 08 
15* 

.22** 

.02 

.05 

10 

98 

98 

0.01 

.(W 

-.08 

.14* 

.24** 

.26** 

15* 

.02 

.18* 

.(W) 

<1** 

<!•♦ 

0.' 16* 
.17* 

. 16* 
-.01 
-.20** 
-.10 
-.12 
-.04 

47 

91 

0 

02 

-.10 
[ - 17* 

1 -. 16* 

-.06 
73 

85 

0.01 
.16* 
.10 
.02 
73 

62 

0.33** 

.15* 

44 

40 

27 

84 


1 Percentage probability for chi-square test. 

* *Odds at least 19 to 1; ••odds at least 99 to 1. 
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Table 13. —Relations among components of quality^ cold resistante, and morpho^ 
logical characters of 200 wheat hybrids from Trumbull X Michikof cross grown 
during 1938 and 1940, expressed by correlation coefficients and chi-square 
probabilities ^ 


Characters 


Gluten strength 
Granulation... 
(^arotenoid content 
Protein . 
l.(K)0-kprnel weight 
Test weight . . . 

Coleoptile color 
S traw color-- 


Crop 

of— 

Association between characters indicated * 

Sg 

2 i 

o 

U 

Gluten 

strength 

Granulation 

Carotenoid 

content 

Protein 

1 “ 
Q 09 

gir 

Test weight 

Coleoptile 

color 

/ 193H 

-0 17* 








\ 1940 

-.07 








r 19:i8 

-.10 

-0.07 







1 1940 

- 00 

-.05 







/ 1938 

- 10 

-.02 

0 33** 






\ 1940 

-. 13 

.14* 

13 





— 

/ 1938 

-.22** 

.a3 

.07 

-0.01 





1 1940 

.07 

02 

-.04 

- 13 





/ 1938 

- 11 

- 07 

.09 

-.17* 

-0.09 




\ 1940 

.04 

16* 

.15* 

-. 13 

.06 




/ 1938 

09 

-.04 

- 09 

- 14* 

-.09 

iVsi** 



1 1940 

- 00 

.13 

-.28** 

16* 

.27** 

.11 



/ 1938 

41 1 

93 

38 

58 

2* 

55 

19 


1 1940 

41 1 

34 

70 

53 

37 

59 

61 


1/ 1938 

41 1 

93 

38 

58 

2* 

66 

19 

0** 

jl 1940 

41 ! 

34 

70 

53 

37 

59 

61 

0** 


1 Percentage prolmi)ility for chi-square tCvSl. 

* ’Odds at least 19 to 1, **{Klds at leasd 99 to 1. 


Th(3 data indicate^ that in those hybrid populations, at least, the 
charact(T j?lut(‘n strength appears to be inherited independently of 
the other eomponents of quality. However, higlily significant corre¬ 
lation co(»fficients were obtained between gluten strength and protein 
conttuit in the American Banner X Michikof cross (table 12). The 
results indi<*ate that the genes controlling keniel color, coh‘optile color, 
and straw color were not linked with those for gluten strength. 

The ])ositive correlation coc'fficients obtained between granulation 
and carotenoid content sugg(‘st that these characters are associated. 
It is well kno^TO, how(»V('r, that granidation or fineness of the wheat 
iiK'al gr(»atly influences the extraction of tlu' carotenoid pigments. 
It appears probable, therefore, that the coiTelations obtained between 
granulation and (airotenoid content are due to the limitations^ of the 
grinding mtflliods in the preparation of meal of comparable fineness, 
rather than to genetic linkage. Granulation appears to be correlated 
negatively with t(‘st weight, however; the coefficients are either small 
or nonsigiiificant. Very little, if any, ndjitionship was found between 
granulation and the otlu^r quality factors and morphological characters. 

Carotenoid pigmeuit content was found to be coirelated negatively * 
with 1 ,()()0-kernel woiglit and test weight. Also, 1,000-keniel weight 
was correlated positively with test weight. It appears, therefore, 
that hybrids possessing large kernels that are high in test weight, 
tend to be lower in carotenoid content and vice versa. The relation¬ 
ships between those characters, however, are not close, since most of 
the coefficients are low in magnitude and others are not significant. 

Chi-square analysis of the data reveals that the genes for the follow¬ 
ing characters are linked: (1) gluten strength and glume color, (2) 
protein content and kernel color, and (3) coleoptile color and straw 
color. 


404 «r>«— 42 —a 
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Genetic data reported in table 9 indicate that the inheritance of 
coleoptile and straw color is monogenic. Pedigree records reveal 
that, without exception, all of the hybrids were classified as either 
purple coleoptile with purple straw or green coleoptile with white 
straw. If; 2 independent pairs of genetic factors were involved, 
one would expect a double recessive combination once out of every 
16 F 3 lines. None were found in the 400 families examined. It 
appears that the inheritance of coleoptile and straw color is governed 
either by 2 pairs of genetic factors closely linked, or by the same 
pair of genes. 

Linkage of Glitten Stbength and Glume Color 

Data reported in tables 11 and 12 show an association between the 
quantitative character gluten strength and the qualitative character 
glume color. This relation suggests a genetic linkage between a 
single pair of genes for glume color and om^ or mor(» pairs of genes 
for gluten strength. Since in the American Bann(*r X Trumbull cross, 
the inheritance of both characters, glume (^olor and gluten strength, 
was found to be monogenic (table 2 , fig. 1 ), it was possible^ to (‘.alcuTate 
their linkage intensity. The percentage crossing over was calculated 
on the F 2 segi’egation by the produc.t method formula. The data are 
shown in table 14. 


Table 14. — Linkage relation between glume color (Gr gr) and gluten strength {G g) 
in American Banner (Gc g) {Gc g) X Trumbull {gc G) (gc G) cross 


Item 


Actual... ..... . 

ralciiJatcd, 30.5 percent eiossinti ov<t 

Actual .. . . 

Calculated, 38 8 percent erossinj? over 


I Number of families hu\ j 

(’ro|. 1 phenolyi..- | 


year --- - 

Qc O I (le n ] t/c a I gc g 


— , . 

— 




- - 

im 

102 

49 

41 

.5 


im 

104 0 

4.5.4 

4.5 1 

4 0 1 

n 42 

im) 

110 

41 1 

42 i 



1940 

107 .5 

42 5 1 

1 

42 .5 

1 

i 7 .5 1 

j j 

1.5' 1 


(I H5 
.93 


It will be noted that approximately 30.5 ])erc('nt and 38.8 |)erc(>nt 
crossing over was observed bt'tween th(> pair of genes for glume color 
and that governing the inh(>ritance of glut(*n strength for the 1938 
and 1940 crop years, respectively. The results of the 2 years agree 
rather closely, considering that these charaetei’s appean'd in the 
repulsion phase and that oidy 200 hybrids were used. 


Linkage of Protein Content and Kernel (’olor 

In table 11 it was noted that, in the hybrids originating from the 
American Banner X Trumbull cross, the characters protein content 
and kernel color wore associated. The protein data reporti'd in 
table 5 and figure 4 suggest that probably a single pair of genetic 
factors controls the inheritance of this character in the American 
Banner X Trumbull cross. Accordingly, arbitrary classes for protein 
content were set up, and the hybrids classified into three groups 
approaching a 1 : 2:1 ratio. Table 15 reports the F, distribution and 
pereentage crossing over for protein content and kernel color in the 
American Banner X Trumbull cross. 
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Table 15. —Linkage relation between kernel color (R r) and protein content (N n) in 
American Banner (r n) (r n) X Trumbull (R N) (R N) cross 


Item 

Crop 

year 

Number of families having 
phenotype— 


P 

RN 

R n 

rN 

r 71 

Actual -- - . 

1938 

rio 

20 

24 

26 



(''alculatcd, 25.7 perc(‘nt crossing over .. 

1938 

127 0 

22 4 

22.4 

27.6 

'’O 6 I 

0 81 

Actup.1 . . - - . - - 

1940 

127 

23 

28 

22 



Calculated, 30 9 percent crossing over . - 

1940 

m 9 

26.1 

26.1 

23 9 

'.'79 

.71 


Tho results in table 15 show that about 25.7 percent and 30.9 
percent crossing over occrurn^d between the pair of genes for protein 
content and that for kernel color for the 1938 and 1940 crop years, 
respectively. The* results of the 2 years agree closely, considering 
that protein content is greatly influenced by environmental conditions. 

SUMMARY 

Experiments were conducted on 600 F 3 and F 4 hybrids, and 66 
parent rows originating from a triangular cross of American Banner, 
Trumbull, and Michikof wheats, grown at Lafayette, Ind., in 1937-38 
and repeated in 1939 -40. 

The inheritance and interrelationship of components of quality, 
cold resistance, and several morphological characters were studied 
in randomly selected liybrid populations. 

The mode of inheritance of gluten strength, granulation, carotenoid 
content, crude protein, kernel weight, test weight, and cold resistance 
was found to be quantitative and goveriKnl by several genetic factors. 
In the hybrids originating from the American Banner X Trumbull 
cross, the inheritance of gluten strength and protein content appeared 
to be monogenic. 

Single g(*netic-factor differences were found to govern the mode of 
inheritance of the characters glimie, coleoptile, and straw color. 
The inheritance of kernel color was governed by one and thr(‘e pairs 
of gem*s in the crosses studied. 

Highly significant interannual correlation coefficients were obtained 
for the (components of quality studied. The consistency and high 
magnitude of the correlations provide further evidence that the vari¬ 
ance observc'd in th(‘ characters gluten strength, granulation, carot- 
enoid content, pix)t(‘in content, kernel weiglit, and t(‘st weight in 
wheat is, in part, gcmcdic in nature. 

Intercliaracter corndations indicate very little, if any, association 
between cold resistance and the components of quality studied. 

F(cw relationships were found between components of wheat quality 
in hybrid material selected at random. In gem»ral, for most of the 
characters, the coefficients were low in magnitude or not significant. 
Gluten strength and granulation were inherited independently of the 
oth(cr components of quality. However, granulation was correlated 
negatively with test weight. Carotenoid content was (;orrel.ited 
negatively with kernel weight and t('st weight, while kernel weight 
was correlated positively with test weight. 
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Genetic linkage was found between the genes for the following 
characters: (1) gluten strength and glume color, (2) protein content 
and kernel color, and (3) coleoptile color and straw color. 
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THE RESPONSE OF “CEASED” REACTORS IN BANG’S 
DISEASE TO REEXPOSURE ^ 

By B. A. Beach, professor of veterinary sriencej Wisconsin Agricultural Experiment 
Station; M. R. Irwin, cooperative agent, Bureau of Animal Industry, and pro^ 
fessor of genetics, Wisconsin Agricultural Experiment Station; and L. C. Ferguson, 
cooperative agent, Bureau of Animal Industry, and instructor in veterinary science 
ana genetics, Wisconsin Agricultural Experiment Station 

INTRODUCTION 

The results of observations on cattle under controlled conditions, 
and also in the field, agro(' in supporting the conclusion that infectiou 
with a virulent strain of BrweUa abortus usually induces resistance to 
subsequent infection by the organism, presumably as the result of 
active immunization. This phenomenon has long been recognized 
by some workers—among them Birch and Gilman {2) ^ and Giltner 
(5)—and has been ouc'stioned by others, particularly insofar as the 
possibility of compute recovery from the infection is concerned. 
Comph'te recovery would imply elimination of the organism from the 
animal’s body and a return of the agglutination titer of the serum to 
that of a noninfected individual. 

The observations reported in this paper were made on cows whose 
sera, following induc(‘d infections, had lost their agglutinin titer for 
th(> infecting organism. ^jJThese observations were made on two groups 
of aij|k(ials, in fw’o different herds consecutively assembled, over a 
pKj;i(m^from August 1933 thnuigh July 1939. In a preceding article. 
■(/),'the e.xplanation was made that not all the animals to which the 
tenn “ceased” reactor is applied, had been definite reactors according 
to the accept('d standard. Since the principal point of interc'st in this 
paper is the reaction of all previously infected individuals to a second 
e.xposure, the terminology lor these animals is unchanged. 

MATERIALS AND METHODS 

The animals on which these observations were made were in two 
herds, as previously described (/). 

Herd 1 originally consisted of 44 grade and purebred Holstein 
calves, and was assembled in 1926 as described by Hart and his 
coworkers {11). After the artificial exposure of 37 pregnant indi¬ 
viduals in 1928, and subsequent observations on them for a period 
of 2 years following the exposure, 14 individuals were selected to 
constitute a part of herd 2. At that time the agglutinins for Brucella 
abortus had practically or entirely disappeared from the scrum of 
each of these 14 animals, and they were therefore tenned “ceased” 
rcjactors. 

To these 14 cows from herd 1 were added 22 animals, mostly viipn 
heifers, to make up herd 2. It was thought that none of these 22 
animals had had any previous contact with Brucella abortus, although 

> Italic numbers in parentheses refer to Literature Cited, p. 631. „ . 

» Received for publication February 27, 1942, Contribution from the Department of Veterinary Science 
and the Department of Genetics (paiH>r No. 281), Wisconsin AKricultural Exiieriment Station, and the 
Bureau of Animal Industry, U. S. Department of ARricultim*. 


Journal of Agricultural Research, 
Washington, D. C. 


( 523 ) 


Vol. 65, No. 11 
Dec. 1, 1942 
Key No. Wis.-134 



524 


Journal of Agricultural Research 


Vol. 66, No. 11 


it was later determined that one cow (No. 23A) had been in a herd 
which had suffered an outbreak of Bang's disease some years prev¬ 
iously. The individuals in herd 2 were ai'tifically exposed in September 
1933 by instilling two drops of a heavy suspension of Brucella abortus 
into the oje of eaeli. 

Herd 3 was assembled in August 1934. This group consisted of 8 
individuals (ceased reactors) from herd 2, and 28 virgin heifers which 
were purchased from herds free' of Bang's disease. One of the 
ceased reactors developed acut(‘ mastitis early in the experiment and 
was removed. Other removals and substitutions were made, as will 
be described more fully later. All animals in the herd were artificially 
exposed to Brucella abortus in May 1937. Cultures of the same strains 
of the organism were used that had previously be(‘n found by Crawford 
and Beach (6*) to possess a marked })athogenicity for suscc'ptibh' 
cattle. 

The serum of each of the animals in both of the herds used in 
these experiments (In^rds 2 and 3) was tc^stc'd, usually monthly, oftiMi 
weekly, for its agglutinin titer against Brucella abortus. Further, 
at each parturition, the colostrum and eitluu' the placenta or the 
uterine fluid, or both, were tested for the presence of Brucella abortus 
by the usual method of inoculation of guinea pigs. 

EXPERIMENTAL RESULTS 
HERD 2 

Data are prc'sented in table 1 for the animals of Inu’d 2. These 
include th(^ pregnancies completc'd prior to th(‘ induc(‘d infection of 
all the animals of the herd in September 1933, and tln^ subse(|ii(‘nt 
abortion or normal calving of each individual. The first 14 individuals 
listed in the tabh' wer(^ the so-calhnl (‘eased reactors from herd 1. 
The others, with the possible ('xception of 23A as describc'd above, 
pn^sumably had had no previous contact with Brucella abortus. 

Table 1. —Results ohhiined with the animals of herd 2 prior to and following 
their artificial exposure * to Hrueelln abortus 



I‘reexposijre period 

1 PovSieximsure period 

Brucella nhirrtuK 
recov(*n‘d— 

1 Agglutination 
j H'aet ion and 
< lime observed 

i 

Number of preg- 










Cow No. 

nancit'S eoin- 
pleted 


I)ays pregnant— 

Days 






Brucella 



from ex- 

1 

At ealv- 

Folhm- 


Weeks 


— 

— 

abortuit 

— 

— 

IHisure 

' 1 

Aborted 

mg or 

mg 

Highest I 

follow- 




re- 


When 

aborted 

or 

to abor-| 

abor- 

slaugli- 

titer 

ing ex- 


Normal 

Abor¬ 

tion 

covered 

When 

exposed 

t Ion or 
calving 


lion 

ter 

"" 


[losurc 

calved 

4. 

2 

0 

No. 

26 

! 283 

257 

I No . 

No 

No 

<1:25 

20 

5. 

1 

0 


87 

152 

65 

Yes... 

Yes 

No 

l:2tK) 

10 

8. 

2 

0 

No 

0) 





No . 

31:100 

17 

12. 

2 

0 

No. . 

97 

1 2^ 

180 

No ... 

No.. 

No... 

1.25 

19 

17_ 

2 

0 

No.... 

30 

279 

249 

No 

No. 

No .. 

<1:26 

13 

18. . 

2 

0 

No.... 

C) 







28.. . . 

2 

0 

No .. 

78 

1 287 

200 

No ’. 

No 

No' 

i’60 

‘ 19 

31 8. 

1 

0 

No. 

79 

1 279 

2(X) 

No.... 

No . . 

1 No 

<1:25 

15 

33_ 

2 

0 

No, 

94 

283 

189 

No. .. 

No ... 


<1:26 

19 

36. 

2 

0 

No_ 

73 

287 

214 

No .. 

No ... 

No ... 

1:25 

19 

36. 

2 

0 

(«) 

82 

281 

199 

No.... 

No. .. 

No... 

1:50 

15 

38.,.. 

2 

0 

No.... 

70 

279 

209 

No.. 

No... 

No... 

1:100 

15 

40. 

2 

0 

No.... 

80 

283 

104 

No. . 

No .. 

No.... 

<1:25 

19 


See footnotes at end of table. 
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Table 1. —Remits obtained with the animals of herd 2 prior to and following their 
artificial exposure * to Brucella abortus —Continued 



Preexfiosuro period 

PostexpcMSure period 

Brucella abortus 
recovered— 

Agglutination 
reaction and 
time observed 


Number of preg- 










I’ow No. 

nancies com- 


Days pregnant - 

T)avs 







pie ted 

BruceUa 



from ex- 


At calv- 

Follow- 


Weeks 



— 

abortus 
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No 
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> Two drops of ti heavy suspetusioii of hr. abortus were instilled into an eye of each annual listed as exposed. 

2 Kxjiosed but not ])reg:nant 

2 S = slight reaction 

* Not exfiosed. 

'' 'riiis co^^ aborted in A pril 1931,4 mouths liefore herd 2 was assembled Xo Br. ortranisms were recovered 
at that time. 

Br abortus A^as isolated from the colostrum of the left rear quarter of the udder at calving on October 
:tt),1932. The seruui of the colostrum \mis tuisitive (1 100) In all (juarters. Xo organisms were isolated at 
the next calving 

’ This heifer became a reactor late in November 1931, and was removed from the herd She calved nor* 
mally on May 23, 1932 Xo organisms >vere recovered at the time of cah mg. 

A premature but living calf was produced 


As will bo notod from the data in table 1 (eolumiis 2, 3, .and 4)^ 
all calvings previous to the exposure were normal and the pathogen 
of Bang’s disease was not isolated from any individual. (*xc(‘pt from 
the colostrum of cow’ 30 (a ceased reactor) in October 1932, and 
at the one calving only. Furthermort', although there were slight 
fluctuations in the agglutinin titer ol the sera from the ceased reactors, 
these were never higher than suspicious reactions. 

Shortlj^ after the herd was assembled, the serum of cow 1IB reacted 
with the organism at a dilution of 1:100, and she was immediately 
removed from the herd and isolated. Although Brucella abortus 
was not recovered following birth at full term of a nornial calf, the 
probability that she w^as infected cannot be denied. The only arrmal 
which, within the writers^ knowledge, iright have be'en a carrier of 
the organism w-as No. 36, but whether the presumed infection of No. 
1IB came from this particular cow, or was latent at the time of pur¬ 
chase, cannot be stated definitely. 
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Four animals (18, 5A, 6A, and 7A) were taken out of the herd, 
and three (58A, 6lA, and 63A) were added about 3 months before 
the exposure Each of the three replacements had calved shortly 
before they were placed in herd 2, and came from a herd free of Bang^s 
disease. 

There were 34 cows in the herd at the time of tli(^ artificial exposure 
on September 5, 1033. Of these, 13 were ceased reactors, and 21 
were normal individuals, except for 23A, as previously described. 
These were given by way of the eye two drops of a lieavy suspension 
of Brucella abortus. Also, a reacting cow which had recently aborted 
was put in with these animals to allow furth(‘r exposure* by contact. 
Four of these animals (8, 1IB, 22B, and 24B) presumably were not 
pregnant at the time of exposure. The* serum of one of these* (No. 8) 
showed no appreciable increase in agglutinin titer following (exposure, 
while that of the others gave definite evidence of inf(*ction; the 
agglutination titers of tb(*ir rcsp(*ctive sera increased markedly 
after the exposure*, as showm in table 1. 

Only one abortion w^as noted (No. 5) in the group of ceas(‘d r(*actors 
wdiicle were* pregnant when exposed. This cow became a definite* 
reactor at apprexximately 8 weeks after the* exposure, and abe>rte*el a 
fetus on the sixty-fifth day after inoculation. Brucelia abortus was 
demonstrate*.d in the material examined. A post-rnorte^m e*xaminaiion 
when this animal was killed, approximately 2 months afte'r the* 
abortion, revoaleHl a seve'.re (pus) infection of both kidne*ys. Whether 
this infection was a major contributing facte)r in the* breaik-de)wui of 
whate'ver immunity this cow posse*ssed as a re'sult of tin* first inf(*ction, 
is not de^finite'ly known. About 2 months after the elate of the first 
e*xposure in 1028 (IJ) the serum of this animal produe'cd a slight 
agglutination of the organism at a dilution of 1:1()(), anel the* organism 
was not recovere*d at the time* of calving, nor the*r(*aite'r. It cannot 
therefore be stated d(*finit(*ly that this aninuil was not infected at the 
first exposure, although that may be the (*xplanation fe>r the abortion 
following the second infection whe*n at least some* elegreH* of re*sistance 
wnuld have been anticipat(*d as a ivsult of the pn*vious exposure*. 

One of the cease^d reactors (No. 8) p.^t‘sumably did not cone'cive*. 
Each of the otlu'r 11 cows of this group (4, 12, 17, 28, 31, 33, 35, 3fi, 
38, 40, and 44) of ceas(‘d reactors produced living calv(‘s at full term, 
and Bructlla abortus was not recover(*d from any of th(*m. Only 3 
of these 11 cows (28, 30, and 38) showed even sugge^stive evidence of 
infection, as indicated by a slight incn'qse in the agglutinating titer 
of their respective s(*ra for the organism. The s(*ra of tin* other 8 
cows only occasionally, if ever, produced compl(*te agglutination of 
the organism at a dilution of 1 in 25. 

Thus it w'ould appear that although the first exposure (11) of these 
12 cows was made 5 years before the second, the resistance induced in 
each by the first infection was sufficient to protect against a subsequent 
exposure, except for 1 individual (No. 5). Each of these cows had 
produced either 3 or 4 calves following the calving or abortion subse¬ 
quent to the initial exposure, and prior to the second. 

As stated above, cow 23A was in a herd which, several years 
previously, had suffered an outbreak of Bang’s disease. This herd, 
however, was free of the disease previous to her transfer to this 
experiment. The entire lack of any symptons on the part of this 
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atiima] (i. c., no increase in agglutinins and no organisms recovered 
at calving) subsequent to exposure aroused suspicion, and a reexamina¬ 
tion of the records of the herd from which she came dieted the above 
information. 

Excluding this individual, among the group of 17 susceptible cows 
there were 5 which calved normally, 11 which aborted their fetuses 
at various stages of pr(*,gnancy, and one (20B) which produced a 
living but premature calf. Brucella abortus was not recovered at 
calving fron‘ any of the 5 which carried their calves full term; 3 of 
these (32A, 156, and lOB) were definite but low reactors at serum 
dilutions of 1:100, ard the sera of the otluT two (63A and 9B) never 
pro(lu(*ed agglutination at a dilution higher than 1:25. 

In the group of susceptible animals, only 1 (2B) of 11 individuals 
which abort('d showed a serum reactivity less than that considered as 
indicative of a definiu^ reactor. All others were definitely reactors. 
The organism was not njcovered from 3 of these (58A, 2B, and lOB) 
by the usual guinea pig inoculations following the respective abortions. 
It is therefore possible that the abortion of 2B was not due to Brucella 
aborlus, although it is assumed that the abortions of the other 10 
individuals were dut* to the ])athogen. 

It is of interest to note that two cows (r)3A and 16B), which were 
brcnl for tlu'. final service after the induced exposure, calved norm-ally. 
Edgington and Donliam (^’) have recently reported, with greater 
numbers, similar obs(*rvations, to the (‘fleet that cow^s infect(‘d prior to 
pregnancy are not lik('ly to abort. 

At the time of slaught(‘r of tlu'se animals, minced tissues from the 
supramammary lymph gland, mincinl udder tissue, and washings 
fron. th(‘ udder of each were' inject(‘d into guinea pigs in an attempt 
to d<‘t(irmine vvhetlu'r Brucella abortus was present. As will be seen 
in table 1, the organism was not found in all the individuals from which 
it had previously been recovennl at abortion or calving. However, 
it w^as found at slaughter only in animals from which it had been 
recov(‘re(l at abortion or calving. 


HERD 3 


Approximately 8 nr*onths after th(‘ (‘xposure of the (‘ow^s in herd 2, 
there W(‘re 8 individuals (23A, 32A, 58A, fl3A, 9B, lOB, 15B, and 16B) 
from th(‘ previously susc(‘ptible group whose s(‘ra show^ed either very 
low^ titers or no aggultinins for Bruedla abortus. The sera of 3 of 
these {23A, t)3A, and OB) had shown no r(‘actions with complete 
agglutiruition of the organisms at a dilution higher than 1:25; the 
sera of the otlums had produc(‘d agglutination, but at relatively low 
dilutions. The other animals of the herd were disposed of, the barn 
and pren.ises were thoroughly (‘leaned and disinf(‘cted, and 28 virgin 
heufers wwe add(‘d in August 1934 to make herd 3. Cow lOB devel¬ 
oped acute mastitis and was r(‘moved a f(‘W weeks after h(‘rd 3 had 
been assembled. 

Table 2 ((‘olunins 2 and 3) gives the number of normal pregnancies 
or abortions for each individual in the herd from August 1934 until 
the artificial exposure in May 1937. Five individuals (4C, 5C, 170, 
19C, and 2lC) w^'re exchanged in April 1936 for five others (19D, 
22D, 33D, 38D, and 42D) from another experiment w ithin the station, 
and six animals (16C, 22C, 26C, 31C, 33C, and 19D) wore discarded 
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for various n^asons, none of which was attributoblo to infection with 
BruceUa abortus. Three heifer calves (3H, 4IT, and 5H from cows 
27C', 63A, and 32A, respectively) which reached sexual maturity 
prior to the artificial (exposure, w'ere bred and then exposed with the 
others, and data ar(‘ ^iveii concerning their subsequent reactions. 

Table 2. —Results obtained with the animals of herd 3 prior to and following their 
artifieial exposure * to Brucella abortus 
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1 Cows 23A, 32A, 58A, 03A, 9B, lOB, 15B, 14C, and 38D were exposed by way of the eye; the others of the 
herd were given per os 20 tr. of a heavy suspension of ISr. abortus. 

2 Exposed but not pregnant. 

8 No reaction. 

* Not exposed; see text. 

* Not expo.sed. 

« Small calf, lived 9 days. 

There were 31 different cows which, prior to the induced exposure, 
had produced either 1 or 2 calves each while in contact witli the 7 
cows that had recovered from Bang's disease. Within this group and 
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during this period there were 3 abortions (7C, 18C, and 26C), but 
these presumably were not due to Brucella abortus since the organism 
was not detected in aiiy of the 3, nor were there demonstrable ag¬ 
glutinins in their sera at a ti£er above 1:25. 

At the time of the artificial exposure in May 1937 there were 
31 individuals in the herd, including the 3 heifers mentioned. The 7 
ceased reactors and 2 of the susceptible group (14C and 38D) were 
exposed by instilling 2 drops of a heavy suspension of Brucella abortus 
into the eye. The remaining susceptible animals were given per os 
20 cc. of a heavy suspension of the same organism. The adequacy 
of the infection is attested by the fact that, of the 24 animals of the 
susceptibh' p’oup, 19 aborted. There were 4 which produced normal 
<'.alv(»s at full term, and 1 (42D) presumably was not pregnant. The 
results of the guinea-pig inoculations with colostrum and utej-ine 
exudates at the time of calving or abortion, as given for each animal 
in table 2, show that the organism was present in each of the 19 
susc(»ptibl(' animals that aborted, and also in 3 of the 4 individuals that 
calved normally. 

Four of the seven cows of th(^ ceased reactors produced calves, 
and tlu'se W(‘re all carried to full term. Brucella abortus was recovered 
from th(' utfM ine fluid of only one of these, cow 9B. The sera from 
two cows that did not ])roduce calves (58A and 63A) showed a 
slight rise in agglutination titers very shortly after the exposure. 

Aft(T slaughter, tissues from 23 of the infected animals were 
cxamiTied for the presence or absence of Brucella abortus. The same 
t('chniqu(' was used as was described for animals of herd 2; i. e., 
minced tissue's from the suprarnammary lymph gland, from the udder, 
and washings from the* udder were injected into guinea pigs. These 
t('sts w(T(* made during a period of 21 to 27 months following the 
exposure'. As was founel in comparable' te'sts on the individuals of 
he'rd 2, ne)l all the animals harbore'd the organisms which had shed 
the'in ])i-e*vie)usly at the lespe'ctive calvings or abortions. But the 
organisms were» fe)und in the* tissiu^s of only those animals fre>m which 
the*y hael previe)usly be'e'ii recovered. 

An e)bservation of e'onside'rable inte'rest was made following the 
e'xposure'. One e'e)w (No. IC) calved shortly before the other animals 
were' expe)se'd in May 1937, too late to be treated with them. This 
e ow tlie're'after was stabled at one e'tul of a row of stanchions which 
alse) lu'ld infeede'el animals, but was neve'r turned loose with them. 
During the summe'r and early fall montlis, she stood next to an 
infe'cted e'ow for an hour or more two or three times a w^eek. As the 
weatlu'r became' c-oolc'r, all the cows were ke^pt in the barn, exe^ept for 
a few hours a day when the infected animals were let loose in the yard. 

No evidence of infectiem of IC was noted \intil December 1937. 
The serum of this individual had been used weekly as a source of 
complenK'nt for bactericidal tests made on the infected animals, 
and a rea(*tion out of the ordinary in these tests was noted on December 
23, although no appreciable change in the agglutinin titer of the serum 
for Brucella abortus could be detected. Very shortly after this, 
however (on January 5, 1938), her serum showed a perceptible increfiisc 
in agglutinins (giving complete agglutination at a dilution of 1:100), 
and it was learned that several days previous to December 23 this 
individual had been loose in the barn for several hours, thus 
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allowing contact with the infected animals. However, it cannot be 
stated definitely that the exposure was made only at this time. She 
was bred in February 1938, and produced a normal calf at full term, 
thus adding another to the examples given above, and to others cited 
by Edgington and Donham {8\ that animals infected before pregnancy 
are likely to produce normal calves. 

GENERAL CONSIDERATIONS 

The combined results on the ceased reactors in herds 2 and 3 
show^ that, of a total of 16 such individuals whi(‘h were subjected to a 
second exposure, 15 produced normal calves at full term and 1 aborted. 
Brucella abortus w^as isolated at calving from the uterine exudate of 
only 1 of the 15 animals which produced the normal calves. Huddle- 
son and his coworkers {12) were unable to detect the organism in 12 
animals which had ceased to react. It appears probable, therefore, 
that th(' percentage qf ceased reactors which may be found to harbor 
the organism will be low. 

The comparative titers of the sera of the different ceasc'd reactors 
to Brucella abortus, following the first and second exposur(‘S, respec¬ 
tively, have been summarized in table 3. The S(‘ra of six of these 
individuals showed an appreciably lower titer following the second 
exposure than was found during the first infection. There, were niiu‘ 
animals, however, whose sera during th(' second infi^ction showed 
difference in the height of the titer of only one dilution from that 
noted in the first inf(»ction, probably not a significant difference, and 
one individual (No. 5) which gave a higher agglutination titei* following 
the second exposure. Most of this latter group of animals had never 
shown complete' agglutination of the erganism at a serum dilution 
higher than 1:100 eluring euther the first or second infection. 


Table 3 .—A comparison of the agqluiinotum titers for linicella abortus of the sera 
of animals for the first and second infectionsf respectively, with the pathogen 
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> As a result of changes inadi* in the sensitivity of the antigen over the yi'ars in winch these tests were 
carried out, it seems probable that the respective agglutination titi*rs for the siTa from the different indi¬ 
viduals recorded at the different tiim\s of testing are only relatively comparable. 

* S indicates a slight n*actiou at the dilution shown. 


The results obtained with the ceased reactors in the two different 
herds indi(*.ate that only a relatively small proportion of individuals 
exposed to a virulent culture of Brucella abortus immediately preceding 
or during pregnancy will be susceptibh' to a subsequent exposure. 
Furthermore, the dc'monstration {IS) that the serum of the ceased 
reactors possessed bactericidal antibodies in the absence of agglutinins 
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beyond the titer of normal cattle adds support to the conclusion that 
an active immunity is engendered by an infection. Indirectly, then, 
all such data support the conclusions based upon experiments in 
vaccination with living cultures by various workers [Buck (S), Buck 
et al. (4), Cotton, Buck, and Smith (5), Delez (7), and Haring (10)1 
that vaccination induces a definite immunization in the treated 
animals, 

SUMMARY 

Only 1 of 16 ceased reactors in 2 different herds aborted its fetus 
when subjected to a second exposuie. Following a reexposure, 
Brucella aoortus was isolated at parturition from only 1 other ceased 
reactor. In general, the agglutination titers of the sera of the different 
ceased reactors woro either lower or approximately the same during 
the second as during the first infection. These results, combined 
with others on this g(*neral subject obtained elsewhere, add to the 
general belief that an active immunity to Brucella abortus is engendered 
by an infection with virulent organisms. From the experience 
obtained in these experinunits, it appears that the immunity thus 
engendered is of relatively long duration. 
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INFLUENCE OF DISTRIBUTION OF RAINFALL AND 
TEMPERATURE ON CORN YIELDS IN WESTERN IOWA ’ 

By E. E. Houseman, junior agricultural BtaiiBiician, Agricultural Marketing 
Service^ United States Department of Agriculture^ and research asBociate, Iowa 
State College of Agriculture and Mechanic Arts^ and F. E. Davis, associate agri- 
cultural statistician^ Agricultural Marketing Service, United States Department 
of Agriculture, and resident collaborator, Iowa State College of Agriculture and 
Mechanic Arts ^ 

INTRODUCTION 

Investigators who have examined the (rflFect of weather on corn 
yields in Iowa have found little relation between yield and rainfall. 
Most studies have been made from State averages of rainfall and corn 
yields; however, in some cases smaller geographical areas, such as 
the county, have b(‘en used and the effect of monthly rainfall ex¬ 
amined. Since the relation between yield and rainfall may vary 
with different soil or cultural conditions, it is thought that higher 
correlations might be found for still smaller areas, siudi as townships. 
Then* is also the possibility of gettmg slightly better correlations bv 
h'ssening tin's int(*rvals of time because the average effect of rainfall 
on yiekl may diff(‘r somewhat from one part of the month to another. 

One of the primary objectives of this inv('stigation was to study 
more in d(‘tail tin* relation b(*tween corn yield and the seasonal dis¬ 
tribution of rainfall in Iowa for a uniform soil type, by using successive 
short intervals during the growing season. The finding of relation¬ 
ships for oin* soil type may lead to an inquiry as to how such relations 
vary with different soils and other natural or cultural conditions. The 
plan of study (*xtended to the effect of temperature as well as of 
rainfall; also, to th(* possibility of pooling data from several locations 
in li(*u of using data for a long series of years. 

Not only an* the n'lations between weather and corn yields of 
consid(‘rable scientific importance, but they may also be of value in 
forecasting annual yields of corn. There is an ever increasing de¬ 
mand for (‘stimates of crop production, and this presupposes an 
('stimati* of yu'ld. The demand comes from farmei’s, handlers, proc- 
essoi^s, and distributors of agruuiltural products, manufacturers and 
distributors of products to farmers, and banking institutions. Fur- 
thennore, fiscal, action, and service agencies of the Government must 
have accurate reports. In the past, estimates have been made for 
large geographical areas—the entire country, regions, or States. 
Now, estimates are needed for smaller areas, such as counties or 
townships, and for dates further in advance of harvest; the problem 
then becomes more than one of estimating what has been produced. 
It necessitates, at specified times during the growing season, an 

1 Received for publication February 13,1942. This investigation Is the result of research projects financed 
by funds appropriated by the Bankhead-Jones Act of 1935 for the U. S. Department of Agriculture ‘Ho 
conduct research into laws and principles underlying basic problems of agriculture In its broadest aspect^.*’ 
The study was made in cooperation with the Iowa State College of Agriculture and Mechanic Arts. 

* The authors express their appreciation to W. Q. Cochran and George W. Snedeoor of Iowa State College 
of Agriculture and Mechanic Arts for helpful suggestions and criticisms. 
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appraisal of the current growing conditions jointly with crop develop¬ 
ment to that time. 

It is not to be supposed that any number of studies of this nature 
will replace the necessity for the crop statistician. Instead, it is 
assumed that further information as to the importance and effect of 
various weather factors will help him to appraise more accurately 
the situations that meets. It remains for the statistician to take 
the basic information and work up serviceable indications for partic¬ 
ular areas and years somewhat in the fashion suggested by Wallace 
(8),^ Each area and probably each year is a specific problem. 

PREVIOUS INVESTIGATIONS 

For the margins of the Corn Belt earlier investigators, among them 
Mattico (5), have fomid a number of aspcH'ts of weather (for example, 
July rainfall, June temperature, or accumulated degrees above 90° F.) 
to be related to corn yields. Hodges (4)f studying weather and corn 
yields in Kansas, showed a high negative correlation between July 
temperatures and corn yields, and was able to build up a multiple 
curvilinenr regression which gave a correlation of 0.9+ for certain 
areas of Kansas and the State as a whole. Using simple correlation 
methods, Rose (6‘) studied data for 55 counties scatten*d over the 
Corn Belt. At the eastern bordesr in Oliio he observed, as had Smith 
(7) earlier, that July rainfall had a positive correlation, 0.4 to 0.6, 
with corn yiedds. June temperature was also positively correlated 
with corn yield. On the southern, southwestern, and northwestern 
margins, July temperatures and cornyi(dds were negativedy (jorrelated. 
At the southeni margin, there was a positive correlation between 
July rainfall and yield. No single climatic factor, howev(‘r, gave 
statistically significant correlations with yield over all parts of the 
Corn Belt. At divergent points within tlu' same State's, Rose' found 
given aspects of weather to be both positivedy anei nc'gatively etor- 
related with yield. 

For the heart of the Corn Belt Rose obtained no high corredations, 
and consistent patterns were lacking for many of the aspe'Cts of 
weather. Previously, Wallace (^), using similar me'thods, obtained 
about the same results and concluded that the problem of prc'dicting 
corn yields from w('ath('r is ndatively simple in the southern half of 
the Com Belt as compared with the northern half. 

As to tlio lack of correlation in the lu'art of the Corn B(dt, Rose in 
his conclusion states, ^^1+esumably corn yield in this core area is 
som('what aft’('x*ted by the factors significant on th(' sunounding 
margins; but, with sevc'ral factors operative—perhaps first, on one, 
then on the other side of the optima, and thus with conditions g('nerally 
favorable—variation in any one factor has little ('ffect by itself.^^ 

A hypothetical curv(' representing the relationship between a 
weather factor and yield can be drawn. As the amount of a given 
aspect of weather increases, a point is reached heyond which an 
additional amount does not increase the yield. This point is called 
‘^optimum.'' In a region where near-optimum conditions prevail, a 
unit deviation in the weather factor has relatively little effect on yield, 
whereas if the weather factor varies about a point at some distance to 
either side of the optimum, there is a comparatively large change in 
yield for each unit change in the weather factor. It the given aspect 

* Italic numbers in parentheses refer to Literature Cited, p. 64)5. 
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of weather fluctuates about a point at or near optimum, both a larger 
or smaller amount of the weather factor may have a diminishing 
effect on yield. An assumption of linearity is most nearly valid in 
regions where the aspect of weather always remains above or below 
the optimum. 

With a multitude of factors affecting yield, all of which are generally 
not far from optimum, as is the case in Iowa, it appears imlikely that 
there is much correlation between yield and a given aspect of weather, 
such as July rainfall. At th(^ margins of the Corn Belt the situation 
diflei-s in that one or two weather factors generally remain at an 
appreciable distance from optimum, and hence play an important 
part in determining yield. 

SELECTION OF DATA 

As })reviously stated, one of the objectives is to study further the 
relation between yield and rainfall (and temperature) under uniform 
soil and (Miltural conditions, by using successive short intervals of 
tim(^ R. A. Fisher {2) d(‘veloped a method employing rainfall for 
small int('rvals of time*. His approach, to be briefly d(‘scribed later, 
will b(‘ that of th(‘ prescuit study. 

From the annual Fajin Census in Iowa there are available annual 
yi('lds of corn by townships dating back to 1924, and in or near a 
number of townships are weather stations affording suitable weather 
data. For tlu‘ ratluu* complicated analysis used by Fisher a longer 
s('ri(‘s than 15 or 10 y(‘ars is desirable. Therefore, wc* examine the 
possibility of choosing several stations ^ and pooling the data in order 
to increase th(‘ number of station years. Although such a procedure 
is not always successful, it can be subjected to availabh' tests. 

In westiun Iowa it was possible to select townships from an extensive 
area which wvtv alike with respect to: (1) Soil area—Missouri loess; 
(2) soil type— Marshall silt loam; (3) slope of land—It) percent or less; 
(4) percentage* of land in intertilled crops^ -40 to 50 percent; (5) depth 
of soil -4 inch(*s or over. 

A wid(* distribution of townships was sought in order that 
weatluu* might differ as much as possible in each year. Six townships 
and weath(*r stations, two in each of the three western crop-reporting 
districts, were chosen: 

Weal her stat ien: 7 oirnship 

Itock HapidK _ „ _ _ Rock. 

Alton-- - -- _ _ _ _ -- _Nassau. 

Carroll.. _ _ _ __ .. _ Maple River. 

Little Sioux .. . _ ___ __ . Little Sioux. 

Atlantic_ __ __ _Grove. 

Corning... _ _ _Jasper. 


RAINFALL ANALYSIS 

In Iowa early spring rains are considered beneficial to the corn crop 
because they ouild up the moisture reserve in the subsoil. From 
planting time through (*arlv cultivation (for 5 weeks beginning 
approximately May 5) rainfall is adequate in most years and pjossibly 
greater than optimum, for at that time excess rainfall might impede 
cultivation or be accompanied by temperatures which are too low for 
proper germination and development of the seedlings. From early 


* station refers to both the weather station and the associated township. 
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July to late Aupjust more than normal rainfall is generally thought to 
be favorable to corn growth. The greatest benefits probably accrue in 
late July or the first part of August when the normal rainfall is at a 
low level, and the transpiration surface* of the plant has reached a 
maximum. 

In view of these facts one can conceive a graph which would picture 
the average effect on corn yield of an inch of rain at any time between 
May 1 and October 1. This graph can be thought of as a smooth 
curve which changes rather slowly shice the effect of an inch of rain 
would not be appreciably different if it came a day or two earlier or 
later. Koughly, one might expect such a curve to start with a 
moderate positive value, recede to a minimum around June* 1, rise to a 
maximum near August 1, and then decrease until the end of tlu* season. 
It is (*lear that the curve can be n'presented bv a matheinati(‘al 
function of time, but how can the function be evaluated? 

First, we must specify the function. For our problem a thii*d 
degree equation is suitabh*. This may be written 

(1) a == aofo + 2 + aafa 


where a represents the effect of an inch of rain, the as are constants 
to be determined, and {i, fi, fi, and are orthogonal polynomials 
(5) (in this case orthogonal functions of timej of degrees 0, 1,2, and 
8 respectively. We shall call equation (1) the rt‘gression equation 
and the a’s the regression coefficients. 

The evaluation of the recession coefficients involves tabulation of 
the rainfall data by short intervals of time; in this study thirty-one 
5-day intervals were used. From the rainfall data a sid of quantities, 
Po» Pi, Pi, iiiid P 3 , is computed for each season. Th(*se quantiti(*s are 
coefficients of polynomials of the form 


( 2 ) 


Po- 




+ Pl 


_iL 




■f P.J 




fitted to the rainfall data for each S(*ason. Then, the a's are computed 
by the* usual rules of multiple regression. The* theory of this d(*vice is 
presented by Fisher Equations (1) and (2) an^ taken from Davis 
and Fallesen (1). 

The records available for this investigation afforded data for only 
15 year's, 1924-38. Of these 15 years, 1934 and 1930 were abnormal, 
yields in many townships being 5 bushels per acre or h'ss. The pooj- 
yields were caused by long periods of very high temperature together 
with the lack of rainfall. This introduces some complications since 
the inclusion of these 2 years in the analysis c^ould l(*ad to statistically 
significant results, whereas if they were omitted different conclusions 
might be drawn about the influence of temperature and rainfall on 
yield. Thus it was thought advisable to make the* analysis with all 
years included and then with the yeai*s 1934 and 1936 omitted. 

To develop a regression for predicting differences in yield from year 
to year, one should use only the yearly means as proximately rel(*vant 
data. But, in our case more data are desired, and it is thought that 
a better estimate of the regressions might be obtained by pooling the 
experiences at the six stations. By means of the arithmetic procedure 
known as the analysis of variance, the total variability in the combined 
data was separated into two parts; namely, the variability among 
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station means, and the intrastation variation, which is an average of 
the variability arising at each of the six stations. The first component 
was influenced not only by differences in weather conditions but also 
by variations in farm practices, average soil fertility, and other factors 
that could not be taken into account in selecting the townships; 
hence, variation among station means was excluded and the regression 
analysis based on the intrastation variation. 

With 1934 and 1936 omitted the regression coefficients together with 
tli(4r standard errors are: 

ao=0.1194 ±0,1828 ^2=-0.0006108 ±0.002431 

a,=0.005113±0.01819 q!3=--0.0006270±0.0003151 

None of the a's is statistically significant except the coefficient of the 
cubic term, as, which is just at the 5-pereent level. This would 
indicate that in general a little more rainfall than average following 
the middle of the si'ason and a little less before the middle has been 
beneficial. 

The mean effect (fig. 1) of an inch of rain more than average for any 
5-day period during the season is obtained from the equation 

a = 0.1194j;±0,005113f;-0.0006108j;-0.0006270f; 

by substituting the values of the J'^s for n==31. In figure 1 the x^s 
mark the standard error of the ordinates of the curve at four different 
points. The large standard errors show that the average effect of 
rainfall on com yield is inaccurately determined. None of the points 
on the curve is at a distance of more than two standard deviations 
from the 0 line. The nonsignificance of the regression curve is con¬ 
firmed by the analysis of variance' (table 1), since the value of the F 
ratio is only 1.4. The regression appears to be of little or no aid in 
estimating the jneld of corn. 

When 1934 and 1936 are included a statistically significant regres¬ 
sion is obtained, the rc'gression accounting for 29 percent of the total 
variation in yitdd. The total sum of squares, however, was increased 
from 3,024 to 12,224, and cv(»n though the regression was significant, 
the mean square of tlie deviations from regression was 109.0—a much 
larger quantity than either the corresponding mean square of 41.0 
(table 1) or 42.0, the variance of the actual yields for the 13 more 
common years. 

Table 1 .—liainfall regrvHaion analysis based on the intrastation variation, 1924-38 

{1934 1936 omitted) 


OestrtHfs of Sum of Mcau 

Source of variation freedom .s(}uares square F 

Ilegrcssion .. .. .. .. . 4 232 58 0 1.4 

Deviations from n'greSvSion .... 68 2,792 41 0 . 

Total.-. 72 3,024 42.0 . 

I 

The intrastation variation is actually a weighted average of the 
variation among yearly means and the station by year interaction; 
i. 0., the variation at the stations after allowing for differences in the 
yearly means and differences in the station means. Thus, the regres¬ 
sion based on the intrastation variation is a weighted mean of two 
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regressions, one based on the variation among years and the other on 
the station by year interaction. Ordinarily, to predict difference 
from year to year one would use the regression among years. In 
case the regression among years and tlie regression based on inter¬ 
action differ significantly, the intrastation regression would not be 
appropriate for estimating differences in yield from year to year. It 
wifi be pointed out later that the mean square of the deviations from 
the intrastation regression (41.0 in table 1) is very likely to give a 
negatively biased estimate of the error mean square for estimating 



Fioure 1. —Mean effect of an inch of rainfall above average on the yield of corn 

in western Iowa. 


yearly differences. These points will be extimined in the tt'mpernturo 
analysis. For the case of rainfall such a study is probably not worth 
while. 

TEMPERATURE ANALYSIS 

In the area under invt'stigation it is b(»lieved that high temperature 
frequently has a harmful effect on the yield of corn. To discover the 
effect of high temperature, maximum daily temperature has betm 
used rather than the mean or minimum. The temperature' data 
were handled in the same manner as those of rainfall. In place of total 
rainfall for 5-day periods we now have 5-day averages of daily maxi¬ 
mum temperatures. 

When the regression is based on intrastation variation iiH'luding 
. 1934 and 1936, the coefficients, as, and their standard (UTors an': 



Dec. i«, 1942 Influence oj Weather on Com Yields in Western Iowa 


539 


-0.04472 ±0.01103 «2=0.001768±0.0»3806 

a,= 0.004060 ±0.001591 a3==0.0*1823 ±0.0*3713 

All the coefficients are statisticaUy significant. 

The regression curve (fig. 2) is the graph of 

a = - 0.04472f'o+0.004060{'i ± 0.001 768|'2± O.On 823J '3 

As indicated by the i-ather small standard deviations of the ordinates, 
the curve is fairly well determiiu'd (fig. 2). From the third week 



FuaTRE 2.—Mean effect of a degree of maximuiu temperature above average 
on the yield of corn in western Iowa. 

of June to the first of Soptembor the curve shows that more than 
average ^ maximum temperature decreases the yield of corn. Before 
the middle of June the effect is relatively small. High temp(u*atures 
during the latter part of September arc evidently beneficial to corn. 
Tin*- elTt'ct, howeveu , as shown by the curve is probably exaggerated. 
Perhaps a better picture could be obtained by extending the ending 
date about 2 weeks and fitting a fourth degree polynomial. One 
would then expect the curve to reach a maximum some time around 
October 1. 


* The average is (‘stablished on the basis of the 15 years. 
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From the analysis of variance (table 2) we see that the regression 
is highly significant, and accounts for 68 jiercent of the tolal variation. 
The situation here is similar to that for rainfall. When 1934 and 1936 
are omitted the F ratio drops from 27.7 to 3.8 (table 3), but the regres¬ 
sion is still highly significant. Hence in more, normal years the 
existing variations in temperatures in western Iowa usually exert a 
greater effect on coni yield than the existing fluctuations in rainfall. 


Table 2. —Teinperature regression analysis based on intrastation variationy 
192It-S8 (19S4 and 19S6 included) 


SourcT of variation 


Regression. , — 

Deviations from regression. 

Total . 


Dcgrws of 

Sum of 

Mean 

freedom 

squares 

stjuare 

4 

7,100 

5,124 

1,775** 

KO i 

04 (1 

K4 1 

12,224 

i i 


♦♦Highly significant 


Table Z.—Temperature regression analysts 1924 (1934 <^^^1 l^dO omitted) 


8our(v of variation 


Regression. 

Deviations from regression 

Total.-. 




Degrees of 

Sum of 

M(‘un 



freedom 

8(111111 es 

s(|UHre 



4 

r».')0 ' 

139* ♦ 



08 

2,408 * 

3f) 3 


... 

72 

3 021 

i 

i 




.'i K 


♦♦Highly significant. 


The regression curve with 1934 and 1936 omittc'd (fig. 3) shifts 
upward ami to the, right, shorti'iiing the period of time' for which 
more-than-average maximum ti'inperatuni tends to decrease the 
yield. It should be remembered that in this ca.se the avt'rage tem¬ 
peratures during the s('ason are generally a few d(‘gr(‘(‘s lower since 
2 yeai-s with extremely high temiieratures an* excluded. 

At this point let us examine the aj)[)ropriateness of the r('gres.sion 
based on intrastation variation for estimating differences in yield 
from year to year.® To learn about this, tlui intrastation differences 
were analyzed into two parts, difference's among years and the station 
by year inte'raction. A n'giession based on each pait was computed. 
The a’s for the regression among yc'ai-s are*: 

«„= - 0.03746 ± 0.2675 02 =0.002028 ± 0.0’9951 

a,== 0.004752±0.003795 a3=0.0®1846 ±0.0^8712 

whereas those for the regression based on interaetion are: 

ao=-0.09106± 0.02294 a2=0.01039±0.0H8.'''O 

a,= 0.002553 ±0.004130 a®-0.0®1831 ± 0.0W09 

Differences between the various pairs of corresponding coefficients 
were tested, but none was found to be statistically significant. Hence 
the two regressions seem to be in close enough agreement to justif}’^ 


• The discussion from here on refers to the case with 1934 and 1936 included. 
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the procedure of pooling the data and using the average regression 
(based on the iritrastation variation), which supposedly gives a better 
estimate of the true regression coefficients. Agreement between the 
two curves is shown in figure 4. 

The analyses of variance for the regression among years and the 
regression based on interaction are given in tables 4 and 5 respectively. 
It is of importance to note that even though the average regression 
may be legitimate, the error mean square from table 2 underestimates 
the error variance for estimating yearly dift’ercnces because of the 
intrayear correlation between the station yields. In table 4 the sums 
of squares arc six times those that would be obtained if one actually 
used the 15 yearly means; hence, the standard error associated with 



FiciTKK 3.—AveraRo effect of luaxinuim temperature—1934 and 1936 omitte<l. 


an estimate of the'- yearly me an yie lds for the six stations using the 
regression among years is 1/6 = 7.3 bushels. If one uses the 

average regression to estimat(^ differences among the same 15 yearly 
means, a standard error of 6.7 is ob taine d. This is considerably 
higher than the incorrect estimate, V64.0/6 = 3.3, resulting from the 
use of the error mean square in table 2. 


Table 4.— ‘Temperature regression analysis based on variation among yearSy 1924’ 


Sounv of \aiiation 


Repn‘»sion . 

Deviations from roffression 
Total. 


DegriM's of 
freedom 

Sum of 
squares 

Mean 

square 

F. 

4 


1.579* 

4.9 

10 

3.2«7 1 

321 I 


14 1 

9,522 I 

' i 

. 



•Significant. 


497H30—42 —2 
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Table 5 .—Temperature regression analysis based on interaction, 19S4-38 


Source of variation 

Depret^s of 
freedom 

Sum of 
squares 

Mean 

square 

F. 

Ilepn'ssion .. .— - 

Deviations from repression--- 

Total - __ 

4 

66 

049 

1,763 

2.37** 

26.6 

8.9 

70 

2,702 






♦•Iliphly sipniflcant. 



The regression curve in figure 2 is an average of the six curves for 
the individual stations. If these six curves should diifer by a con¬ 
siderable amount, one could do better from the prediction point of 
view by using the appropriate station curve. To check on this point, 
a separate analysis was computed for each of the six stations (table 6). 
From table 7 we note that the mean square for differences among the 
regressions, 33.1, is small in comparison to 74.3, the average mean 
square for deviations from individual regressions. Hence, from the 
prediction point of view, there is probably nothing to be gained by 
using individual regressions (fig. 5) instead of the average regression. 
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The six curves are much alike, and there is no apparent tendency for 
them to be arrayed either according to the average yield for each 
station or by location of the station. 

Suppose there w(‘re two neighboring townships, A with a high mean 
yield and B with a low mean yield. For a given date one might 
expect the magnitude of the effect of temperature on yield to be 
gn^ater for township A than township B; i. e., as the mean yield in¬ 
creases, the regression curves may become more pronounccHh If the 



Fir. i HE 5. “ Maximum temperature c’urves for the individual stations. 

effect of maximum temperature at any given date is approximately 
proportional to the mi'an yield, one could obtain a single regression 
curve, stating the (dh'ct as a percentage of the average yield, that would 
b(» a[)plicable to differtuit areas which have about the same average 
weatluT conditions even though the miuin yields of th(‘se areas differ. 
The average yields at the six stations, in the same order as in table 6, 
for the 15 years studied are 31.3, 33.8, 38.3, 34.0, 34.9, and 32.9. The 
range of the means is rathei* small for purposes of trying out the above 
idea. Since only a wovy small amount of additional clerical work 
was need(‘d, such a ri'gression was computed for the sLx stations. In 
this case the F ratio w as 29.7 as compared with 27.7 in table 2. 
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Table 6. —Temperature regression analysis for each station, 19S4-38 



Mean square 

Station 

Regression 
(4 degrees of 
freedom) 

Deviation from 
regression 
(10 degrees of 
Ireedoin) 

FI 

Rock Rapids . 

208 

01.3 1 

3 4 

Alton -- --- - 

338 

58.3 

5.8 

Carroll . 

303 

»2 f> 

3.3 

Little Sioux . - - 

257 

85 0 

3.0 

Atlantic - 

428 

57.4 

7.4 

Corning.. , 

4t)G 

01 5 

4.4 


' F at the* S-iH’rcenl level foi (iegreoi of freedom 4 and 10 is .1.5. 


Table 7 —Differences among individual station regressions 


Sou?ce of variation 

Degrees of 
freedom 

Sum of squares 

Mean square 

Deviations from average regression within stations 

80 

5.124 

01 0 

Deviations from individual station regres.sions 

j (M.) 

4.401 

74 3 

Ditferenco iHdw’eeri regressions 

20 i 

[ f>l>3 

33 1 


SUMMARY AND CONCLUSIONS 

By using tlio mothod dovcloped by Fishor (2), corn yield in wcstci-n 
Iowa was related to rainfall and maximum tfunperature. Practically 
none of the variation in corn yield was accounted for by variation in 
the amount and distribution of rainfall. Yield was mort* closely r(>- 
lated to temperature than to rainfall. The standard deviation of yield 
from year to year was lO.fi, as compared with the standard (uror of 
estimate 6.7, when using the temperature regression. 

At the outset of this study the question of how the effect of rainfall 
on coni yield might differ from one soil type (or cultural condition) to 
another was raised. Since the correlation between rainfall and yield 
is small, such a study would appear unjirofitabh*. Rainfall in western 
Iowa is usually near optimum (‘xcept for part of the time when tem¬ 
perature is high. 

In lieu of data for a long series of years at a singh* location, data 
from six locations were pooled. This procedure gave a suitable esti¬ 
mate of the temperature-nigressiou equation, but produced an under¬ 
estimate of the enor for estimating differences from year to year. The 
reason for the underestimate of error was the intrayear correlation 
between the station yields. 
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RESISTANCE OF TOBACCO TO BACTERIAL WILT (BAC¬ 
TERIUM SOLANACEARUM) ‘ 

By Edward E. Clayton, senior patholoaistf and Thomas E. Smith, agent j Division 

of Tobacco Investigations^ Bureau of Plant Industry, Agricultural Research Admin¬ 
istration, United States Department of Agriculture 

INTRODUCTION 

The bacterial wilt or Granville wilt (Bacterium solanacearum E. F. 
Smith, syn. Phytomonas solanacearum (E. F. Smith) Bergey et al.) 
is a common and serious disease of flue-cured tobacco {Nicotiana iaba- 
cum L.). It is extremely destructive in north-central North Carolina, 
where, on about 75,000 acres of sandy soil (mostly of the Granville 
type) is produced tobacco of exceptionally fine body, aroma, and color. 
Bacterial wilt has materially reduced the value of this land. For 
example, land free of wilt in this area would find ready sale at $100 
an acre, while this price of badly contaminated land is now about $25 
an acre. This larul will grow many other crops, but because of the low 
h'rtility level, it is not profitable to grow' these crops in competition 
with other areas. Sandy loam types of soU of the Granville, Durham, 
Norfolk, and Marlboro series are most seriously affected by wilt. 

The wilt desease has now been known for about 60 years, but despite 
careful investigations in this country from 1903 to 1917 and similar 
studies in the Netherlands East Indies and Japan over a much longer 
period, no adequate method of control has been developed, and growers 
in seriously affected areas regularly lose 20 percent or more of their 
tobacco crop from wilt. 

Breeding for resistance was one of the first methods of control sug¬ 
gested. In 1903, Stevens and Sackett (6‘)^ said: “The greatest hope 
for the redemption of land now* affected lies in the development of a 
variety of tobacco that can resist the disease.” However, these in¬ 
vestigators concluded their work without finding such a tobacco. In 
1917, Garner et al. (/), reporting on wilt-control investigations, said 
that, after testing all available foreign and domestic varieties, none 
was found that possessed sufficient resistance to be w'orth w’hile. 
In view of these findings active breeding work w’as discontinued. 

In the Netherlands East Indies, work on wilt resistance has been 
rc'ported by various investigators, including Honing (2), Vriend (7); 
Palm (5)' Kuijper (4), and Koenig and Rave (S)'. It was early ob¬ 
served tliat the Sumatra variety of tobacco was at least as resistant 
as any and more resistant, than most varieties. Hence, various 
workers have sought to increase this resistance by selection. How'- 
ever, this work has not n)ct w’ith much success; the degree of resistance 
so far secured is not sufficient to give protection under severe disease 
conditions. 

Work by the Bureau of Plant Industry, United States Department 
of Agriculture, in cooperation with the State of North Carolina, was 

> Received for ])ublication April I.*), 1942. Cooporativp investigations of the Division of Tobacco Investi¬ 
gations, Bureau of Plant Industry, U, P. Department of Agriculture, the North rarolina Agricultural Experi¬ 
ment Station, and the North Carolina Department of Agriculture. 

> Italic numbers in parentheses refer to Literature Cited, p. 654. 
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resumed in 1934. It seemed probable that available gene material had 
been rather thoroughly studied; therefore the first step in the investi¬ 
gations here reported was to secure new^ and more extensive collec¬ 
tions. The chief emphasis w as placed on Nicotiana tabacum^ although 
some attention was given to other species of Nicotiana? Many new 
collections of this species w^ere obtained by special collectors ^ in 
Mexico and in Central and South America. 

METHODS OF TESTING 

Preliminary wmrk was conducted in the greenhouse. Plants were 
grown and transplanted individually into 4-inch pots—10 plants per 
lot. When the plants were growing rapidly, holes were punched into 
the soil with a sharp stick to break some of the roots. These holes 
wHU'e then filled with inoculum consisting of broth cultures of the bac¬ 
teria, diluted about 10 to 1. Critical tests could be conducted only 
during the warmer parts of the year, from June to October, inclusive. 
During the.years 1934 -38,1,034 collections were tested in the green¬ 
house, some two or three times, and single-plant selections were made 
from all of the more promising strains. After greenhouse elimination 
the suiwiving strains were tested in the field at Creedmoor, N. C., on 
land so heavily infected that all susceptible tobacco was usually dead 
by midseason (fig. 1, A). Except for the wilt, however, the land used 
was capable of producing excellent crops of high-quality tobacco 
(fig. 1, H), A total of 129 introductions w^'re subjected to careful field 
test during the period 1935 41. The more promising strains have been 
tested many times, under wddely varying conditions. Jt has not been 
deemed advisable to draw definite conclusions on any genotype wdth 
less than 3 years of experimentation, as a single yc^ar’s results on wilt 
resistance have sometimes proved very misleading. 

RESULTS 

RESISTANCE OP VARIOUS SPECIES OF NICOTIANA TO BACTERIAL WILT 

The following species of tobacco have been tested and found highly 
susceptible: Nicotiana acuminata (Grab.) Hook., N, alata Link and 
Otto, N. attenuata S. Wats., N. caesia Suksd., N, cavanillesii Dun., 
iV. debneyi Domin, N, exigua H.-M. Wheeler, N. glauca Grab., N, 
glutinosa L., N, goodspeedii H,-M. Wlieelcr, N, gossei Domin, N. 
langsdorffii Weinm., N, longiflora Cav., N. rnaritima H.-M. Wheeler, 
N. megalosiphon Heurck and Muell.-Arg., N. miersii Remy, N, 
nesophila Johnst., N. nudkaulis S. Wats., N. paniculata L., N, plumba- 
ginijolia Viv., N, guadrivalvis Prush,^ N, raimondii Macbride, N, 
repanda Lehm., N. rotundijolia Lindl., iV. rustica L., N, stocktoni 
Brandeg., N, sylvestris Speg., N, tomentosa Ruiz and Pav., and N. 
trigonophylla Dun. All these species were at least as susceptible as 
ordinary varieties of N. tabacum, so there has appeared little reason to 
look for resistance to bacterial wilt among the wild relatives of culti¬ 
vated tobacco. 

3 These were largely obtained from Dr. T. H. Qoodspeed, of the University of California. 

* Dr. W. A. Archer and R. Stadelman, of the Division of Plant Exnloration and Introduction, Bureau of 
Plant Industry, U. 8. Department of Agriculture. 

< * This material was received under the name N, bigelwii. The name quadrivalcit antedates htgdwii and 
was used originally to desetibe one form of this sf^ecies; hence under present rules of nomenclature It must 
be applied to the species as a whole. 
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Fkjuke 1 . — .1, 'Fobacco crop, planted on land heavily infected with bacterial 
wilt, completely destroyed; B, a nearby crop, planted and fertilized in the same 
manner as that in A, shows the j^rowth of tobacco that could have been jirodiiced 
on the land shown in .1 had it not been for tlie wilt. 





550 


Journal of Agricultural Research 


Vol. 65, No. 12 


RESISTANCE OF NICOTIANA TABACUM TO BACTERIAL WILT 

With over 1,000 new seed collections available, the writer beean 
work in 1934 and soon found various strains that were more or less 
resistant. The experience of previous investigators that strains may 
appear quite resistant on(' yc^ar and later, under more severe condi¬ 
tions, go down b(‘fore the disease almost completely, was repeatedly 
duplicat('d. However, by 1938 the available material had boon quite 
well covered, and the truly resistant strains began to stand out clearly. 
By 1940, constant elimination had reduced the resistant strains to a 
very compact group; the susceptibility of these different genotypes to 
will is shown by table 1. 

1.- Resistance of various strains of tobacco to bacterial wdt^ Creedmoor^ 

N. r., t9j,o 


Anunjnt of disease ’ 


Strain 




! ■. 

' ^ 1 

(''a.^b ^snvc(‘]>tibU* contioB 

* 100 

0,5 

100 1 

Pavis S|)(*cuil. 

02 5 

92 n 

00 

T. I. 79A. 

10 : 

,50 

.32 .5 ' 

Xanthi . . - -.- . . 

:v) ! 

:i7 r> 

27 .5 

7^X s. 

20 

2.5 

2.5 

T. I. 448A . 

! " 

15 ! 

12 ,5 


Block ^ 


! Mean 


1 j 

I 

1 

1 

1 

' * ! 

1 ^ ' 


00 

87 .5 

07 .5 

IK) 

82 .5 i 

02 8 

0,5 

.57 r. 

00 .5 

57 5 

72 .5 ' 

77 2 

55 

.S.5 

22 .5 

20 

i 30 ; 

:15 0 

21) 

1 2.5 

1.5 

20 

15 1 

23 

10 

.'12 .5 

.5 

.5 

5 ' 

1.5 0 

12 .5 

12 .5 1 

12 .5 

10 

1 

27 5 1 

1 

13 K 


' I(K)«maximum of disease (all ulanls dead). 0~no disease 

2 Blocks 1 to 4, after tobacco; inlection very heavy Blocks f) to K, aftir corn, inlection iiioderatelj lie!i\ x 
SiRinflcant differenci' between means at 5-percenl lex el. o i; at l-pcrcimt l(‘\el, I'J 

* Approximately /io ])lants per plot. 

3 Is from a cro«s of T 1 79A and Xantln 


Table 1 brings out important points in connection with resistance 
to bacterial wilt. In blocks 5 to 8, Davis Special was distinctly more 
resistant than the Cash control. These plots were on moderately 
infected land, since it had been cropped to corn the year previous. 
In blocks 1 to 4, Davis Special was no more resistant than the Cash 
control. These plots were on heavily infected land that had jirodiiced 
a diseased crop of tobacco the previous year. It has been a coiniron 
observation that slightly wilt-resistant genotypes, such as Davis 
Special, show up to advantage under less severe wilt conditions. For 
example, they may appear quite resistant early in the summer and 
later be just as badly affected by wilt as ordinary susceptible tobacco. 
T. I. 79A and Turkish Xanthi have both displayed consideiable wilt 
resistance. As table 1 shows, they w^re consistently much superior 
to Davis Special. A cross between these two yielded 79-X, which 
was more highly resistant than either of the parent strains. T. 1. 
448A was another highly resistant strain and possessed other very 
desirable characters, as will be noted later. The ability of these two 
strains to grow normally on wilt-infected land is illustrated in figure 2. 

In table 2, data are given for four separate single-plant selections 
of T. I. 448A and 79-X. 

As the complete destruction of the Gold Dollar control in 1941 indi¬ 
cates, wilt was very severe that year. Under these conditions both 
Xanthi and T. I. 79A were severely affected. On the other hand, 
T. I. 448A and 79-X strains show no more wilt than in 1940. Approx¬ 
imately 92 percent of the plants of both resistant strains were alive and 
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Fi<n RK 2.— Tobacco gro^^ing on the heavily wilt-infected land shown in figure 1, 
.1. The row i>f ordinary susce})tible tobacco (Jamaica) in the center lias been 
coinplet(‘ly deslroy(‘d. T. I. 448A (left) and a T. I. 79A-Xanthi hybrid (right), 
two highly wilt-re.sistant strains, are growing normally. 

c:i()win^ vig:orously on S(‘j)l(‘mbor 12, 1941, and essentially the same 
n'sults were obtained in 1939 and 1940. It is questionable whether 
sipiifieant differenees exist between the different selections. These and 
similar dtita suggest that both T. J. 448A and 79-X were essentially 
homozygous for resistance. Both thes(» genotypes have been thorough¬ 
ly tcst(»d over a 3-y(*ar period w ithout any indication of a break-down in 
their resistanct*, even during the very seven* ^vilt year of 1939. A 
summaiy of the pertinent data reganfing the n*sistant strains follows. 

T\hi.k 2. Hesisfatice of rarious straitis of tobacco to bacterial wilt^ Creed moor ^ 



(\, 1041 






1 

! 

Amount of di'^i'a'^c ’ 


strain 

1 

1 

lUock ‘ 




1 

) 

.1 

1 

Mean 2 

'r I 44s\-i 

1 1 

10 


20 

i:4, 5 

'r 1 44HA-2 

1 J- i 

(» 

1.5 

2.5 

14, .5 

'r I 44s\-'t 

1}) 

20 

la 

a2 

21 0 

'1' 1 4ts\-} 

' IH 

1 

5 

0 

0 2 

7<» X 1 

i 2:4 

I,'4 

28 

la 

10 2 

7<l X 2 


to 

14 

IS 

12 .5 

7<t X -:i 

! 7 

2 

Jt> 

16 j 

10 2 

7t) X 4 

i lb 

10 

10 

la 

12 2 

Xanthi 

• 2S 

40 

0.5 

54 1 

40 S 

T I 79 \ 

' (.4 

! 

84 

.5,5 j 

70 2 

Gold Dollar (snscoi»tlbk* control) 

i 100 

100 1 

1 100 

100 . 

100 0 


> 100«=niaxiinuin of (ii'jrasc fall plants doad). 0=no disea’^c 

2 Significant ilifion'iio* botwmi mean*? at 5-fHTmit lovol, 11.tt: at 1-iH‘rct'nt Unol. H» 1. 

3 Approx I inatcly plants per plot. 

Strains Havi.xo Slight Wilt Resistance 

Strains having slight wilt resistance are typified by Davis Special 
(table 1) and a considerable number of foreign collections. They often 
showed quite striking evidences of resistance under mild conditions, 
but under severe conditions appeared as completely susceptible 
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Certain of these genotypes, having good flue-cured quality, give 
indications of value for crossing with the more highly wilt-resistant 
strains. They have no value for crossing with susceptible genotypes, 
as the resistance has proved both inadequate and impossible to recover 
in full. 

Strains Having Moderate Wilt Resistance 

The best strains having moderate wilt resistance were T. 1. 79A and 
Turkish Xanthi. Most Turkish varieties were not wilt-resistant. 
Both T. 1. 79A and Turkish Xanthi had very small leaves, and the 
great majority of the selections from crosses made between these and 
flue-cured varieties also had small leaves. In fact, the general type 
of these progenies has been uniformly poor, and in addition it has 
proved very difficult to recover full resistance after a cross to sus¬ 
ceptible tobacco. The only really valuable result from the work with 
these strains has been strain 79-^ (tables 1 and 2 ), wdiich was selected 
out of the cross T. 1. 79A X Xanthi. 

Strains Havinij High Wilt Resistwce 

There are two strains having high wilt resistance, nanudy, 79”X, 
just referred to, and T. I. 448-A. Both have shown less than JO per¬ 
cent of plants actually killed by wilt over a 3 -year period of testing 
under disease conditions so severe that ordinary tobacco was 100 
perccuit di'stroyed. 

79-X is a poor plant type, but a study of both genetic behavior and 
pathological reactions indicativs that the resistances of 79--X and 
T. I. 448A are basically different and ar(‘ jirobably controll(‘d in major 
part by diflerent genes. Consequently, just as the highly wilt- 
resistant 79-X was obtained by crossing two moderately resistant 
strains that had different types of resistan(*(^ so it sihuus possible 
that a completely wilt-immune genotype may be obl.aiiu'd from a 
crossing of 79 - X and T. 1.448A. This would be a useful strain to have 
in reserve. 

Discussion of T. I. 448A has been left until last, as of all Jh(‘ 1,034 
collections tested, this is tlu' only one that s(‘ems likely to provide' a 
practical solution to the jiroblem of bacterial wilt control. T. I. 448 
was obtained in Tolima, Colombia, and was labede'd by the colh'clor 
as a mixture of (\istillo lu'gro, C^istillo bianco, and Pina. From gr cMUi- 
house plantings of T. 1. 448 a single plant was selected that appenri'd 
highly resistant to both bacterial wilt and mosaic. A plant of the 
T. I. 448A strain is shown in figure 3, A, and a plant of Gold Dollar, 
a flue-cured type, in figure 3, B. Plant measurements of these two are 
given in table* 3. 

The* difre*re*nce*s in ge*neral plant shape* are* cle*ar]y shown in figure* 3. 
The elata in table* 3 inelicate that T. I. 448A has more and shorter 
k'ave*s than fluo-cure*el tobacco. However, T. 1.448A did cure*-oul to a 
fair quality anel prove*el mnitral with re*spe'ct to arenna. Of gre'ater 
importance is the fact that numerous F 3 line's from T. 1. 448A X 
flue-cureel, grown in the fiedd in 1941, gave a cureel leaf that strongly 
resembled flue-cured tobacco, and some pe)sse'sse*el the* full re*sistance 
of the T. I. 448A parent. Hence, while it is not the purpose of this 
paper to report on the bree'ding work, it can be noted that satisfactory 
wilt-resistant flue-cured tobaccos arc now definitely in prospect. 
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Tabj.k 3.— Plant measurements of T. I. 448A and flue-cured tobacco 





T. I 

44MA 



Fliie-eiired 


M(‘usur(‘ni(*nt 


1 

1 

Plant— 

2 

3 

Mean 

1 

Plant— 

2 

3 

Mean 

Ileicht . 

inehes-- 

AO 

«0 

W) 


ft4 

fiO 

fifi 

03 3 

Loaves 

number. 

28 

20 

27 

27 

23 

23 

23 

23 

Leaf lenpth ‘ 

. inches 

21 

20 3 

21 7 

21 

22 3 


20 

23 8 

Leaf breadth • 

do. . 

11 

10 3 

11 7 

11 

12 7 

11 5 

1.3 7 

12 0 


' Maximum. 


A v(Ty iiit(Tosling aspect of the resistance of T. I. 448A to wilt 
(U)ncerns the early- and late-season btdiavior of this type'. Early in 
the summer a considerable' pc'rcentage of the' young plants often 
showt'd wilt symptoms. L(‘ss than 10 perce'iit died of the wilt, and 
practically all the deaths occurred in this early period. T. L 448A 
plants showbig early-season symptoms were labeled and obseuweel 
throughout the sumnu'r. The great majority recovered and grew 
normally, with the re'sult that during midsummer and late summer 
wilt symptoms were difficult to find. On the other hand, with such 
types as T. I. 79A, many large plants approaching maturity often 
willed and dic'd. 












K 




Figurk 3.— A, T. I. 448A, a highly wilt-resistant strain that grows vigorously 
and has leaves of good size: Gold Dollar, a typical flue-cured variety. (Note 
the conical shape of plant and the “stand-up^* type of leaf growth.) 
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SUMMARY 

Search for resistance of tobacco {Nicotiana tabacum) to bacterial 
wilt (Bacterium solanaceamm) was begun in 1934. 

None of the wild Nicotiana sp(‘cies tested showed resistance. 

Of 1,034 collectioTis of Nicotiana tabacum, obtained chiefly in Mexico 
and in Central and wSouth America, a very few showed resistance. 

By crossing T. I. 79A and Turkish Xanthi, two moderately resistant 
strains, a highly n'sistant genotype, 79-X, was developed, but it was a 
very poor type of tobacco. 

A highly wilt-resistant collection of good type, T. I. 448A, was 
obtained from Colombia. Over a 3-year period this strain always 
showed h‘ss than 10 peTcent mortality, even though dise^ase (‘onditions 
were so severe that susceptible tobacco was 100 pewent destroyed. 

T. 1. 448A was also highly resistant to common tobacco mosaie*. 
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EXTENT OF PATHOGENICITY OF HYBRIDS OF TILLETIA 
TRITICI AND T. LEVIS ‘ 

By C, S. Holton 

Pathologist, Division of Cereal Crops and Diseases, Bureau of Plant Industry, Agri^ 
cultural Research Ad ministration ^ United States Department of Agriculture 

INTRODUCTION 

Tho demonstration of heterothallism and hybridization in TiUetia 
tritici (Bj('rk.) Wint. and T. levis Kuhn by Flor (;?)^ in the United 
States was confirmed by Hanna (S) in Canada and Becker (/) in Ger¬ 
many. Each of tliese workers presented evidence of the heritability 
of clilamydosporc moiphology, the smooth spore character of T. 
leris apparently being dominant over the reticulate character of T, 
tritici. Furthermore, Becker (/) obtained wsomo evidence of the iri- 
lieritance of pathogcuiicity in crosses between two races of T. tritici. 
In his studies of two hybrids the inheritance of pathogenicity was 
found to be intermediate in otic and recessive in the other, as indi¬ 
cated by the reaction of the higlily susceptible variety, Panzer. In 
1988 th(‘ writer H) presented evident^e of the inheritance of chlamydo- 
spore characteristics and pathogenicity in a (Toss between T. tritici 
and T, hvis, A pathogenicallv distinct race of T, tritici, derived 
from this cross, had th(‘ pathogenic factors of both parents, and it 
was observed that the reticulate character was dominant. In a more 
reccuit r(»port {(>) (‘vidence was presented to show that pathogcuiicity 
factors may be inherited transgivssively. The purpose of this paper 
is to pres(»nt the results of extensive studies on tlie pathogenicity of 
species and race hybrids through several generations. No considera¬ 
tion will be given to the inheritance of chlaniydos[)ore characteristics, 

MATERIAL AND METHODS 

Races T 8, T 9, T lO, and T-12 of TiUetia tritici and L -7 and L 8 
of T. leris w(u*e used in these investigations. These races arc desig¬ 
nated by the numbiTs assigned to them by Kodenhiser and Holton 
(7). All cultures used for inoculation purposes were of monosporidial 
origin and W('re obtaiiu'd by isolating single primary sporidia from the 
promycelia of germinating chlainydospores. Inoculations with cul- 
tur(‘s were made by the method described by the writer in 1938 (o), 
while inoculations with chlainydospores were made by dusting the 
seed at thc» rate of 0.5 gin. of spores to 100 gin. of seed. The hybrids 
are designated by number and are pedigreed as to race, chlamydo- 
spore, and sporidium. 

Hindi (C. 1.“^ 8454), a highly susceptible variety of spring wheat 
{Triticurn aestivum L.), was used for the culture inoculations, and the 
Vi inoculum of all hybrids was obtained from this variety. The 

1 Received for publication June 5, 1942. Cooiwrative investigations of the Division of Cereal Crops and 
Diseases, Bureau of Plant Industry, X'. S Department of Agriculture, and the Washington Agricultural 
Experiment Station. 

^ Italic numliers in parentheses refer to Literature ('ited, n. 563 

3 C. 1. refers to accession number of tho Division of Cereal CropvS and Diseases. 
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winter wheat host testers (7) were used for the pathogenicity tests 
with hybrid chlamydospores, and ihe inoculum of segregating genera¬ 
tions was selected from one or more of these vari(»ties. The seed of 
all varieties was rendered smutfree by treating it with formald('hyde 
solution (1:320) for 5 minutes, after which it was thoroughly washed 
in running water. All inoculated seed was planted at Pullman, 
\V‘ash., under environmental conditions presumably favorable for 
infection. 

The smut percentages were* determined on the basis of total heads 
of wheat in a 5- or G-foot row, the number ranging from 100 to several 
hundred, depending upon variety, soil, and season. The smut per¬ 
centages were recorded in whole numbers, fractions of one-half or 
more being considered whole numbers and those of less than om^-half 
being disregarded. 

EXPERIMENTAL RESULTS 

Results have been obtaim'd from studies on 50 hybrids, 23 of which 
resulted from crosses b(‘tween Tllldia tritici and T. and 27 from 
crosses between races within these species. Of th(‘ 23 inlersjiecies 
hybrids, 19 proved capable^ of perpetuating ihcMUselvc^s while 4 were 
nonpathogenic on the host varieties used, and of the 27 int(*rrac(» 
hybrids, IG surviv(*d several generations of propagation and 11 wen* 
nonpathogenic. As yet, no ade(juate explanation can be offerc'd for 
the failure of some of these hybrids to survive. In sonu* cases it 
appeared to be due to failure of tin* spon*s to gcTininate. In other 
cases, however, germinal ion of the spores was observed but no infection 
or v(*ry slight infection was obtained. Apparently hybrid sterility 
due to wid(‘ness of the crosses is of no p*eat significance* in this c()nn(*c- 
lion, since there was a greater degree of the* nonsurvival epiality in the 
race hybrids than in the sp(*cies hybrids. Furthermore, C(*rtain s(*lf(‘(l 
lines exhibit(*d similar characteristics. Six inbied lines of L H and 
2 of T-11 could not be propagated beyond tlie first g('n(*ratie>n, 
whereas G inbivel lines of T-t) ami 1 of L 7 W(*re maintain(*el through 
several g(‘ne*rations without any diminution in pathogenicity. 
Apparently, th(*refore, th(*re is no ewredation b(*tw'e‘e*n the* taxone)mic 
relationship ed‘ the parents ami the survival epiality of hybrids betw (*en 
specie's anel betwe*e*n rae*e's of tin* w’lu*at bunt fungi. It see'ins signif- 
ie*ant, lioweveu*, that tin* majeirity of sue*h hybriels can be propagat(*el 
as reaelily as their paivnls anel in many instance's give rise* tei lU'W^ 
pathoge'iiic types. 

SPECIES HYBRIDS 

The pe*rc('ntage'S e)f smut pre)duc('d by hybriels betwe*(*n l.“8 ami 
T-9 are prese'iite'd in table 1, along with the' host re*action to the* 
parent race's.^ Table 1 shows the susce*ptibility e)f Oro to race L-8 
and its resistance te) race*, T- 9, in contrast to the* re'sistance* e)f Hohen- 
heimer to L 8 anel its susceptibility to T 9. All of the hybriels between 
these two races have been te'ste'el through the sixth geuienation, and it 
appears that at least three type's of pathogenicity are represe'nte'd in 
the four hybrids listed. Hybrid 35 appe'ared to be identical in patho¬ 
genicity with the L-8 parent, and it also re'sembled ihis parent in 
having smooth spore's. Tw^o other hybrids betwee'n these two race's, 

< Tho host reactions to the parent races sliown m tables 1 to 3 were obtained over a period of 5 years or 
longer. 
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not listed in table 1, were identical with Hybrid 35. Hybrid 38, 
which had reticulate spores, was unlike either parent in pathoge¬ 
nicity, since it was able to infect only Hybrid 128. On the other 
hand, Hybrid 39, which also had reticulate spores, appeared to 
possess a combination of pathogenicity factors from both parents, 
sinc(» it infected both Oro and Hohenheimer. This hybrid is similar 
to the one described in 1938 (4). Hybrid 40, through the fifth 
generation, appeared to be distinctly less vuulent than either parent 
on all of the varieties, including the susceptible variety Hybrid 128. 
In the sixth generation, however, it exhibited a high degree of viru¬ 
lence on Hybrid 128 and Oro, thus resembling Hybrid 35 and the Lr-S 
parent. However, unlike Lr-8, the chlamydospores of Hybrid 40 
were reticulate. 


Tablk 1. —Paihogemnty of interspecien hybrids between Tilletia levis and T. iritici 

IJYBHID L-8 X T-9 


I’arcnf | 
or I 
tivhnd ) 
\o I 


L 8 
T -9 


I 

i 


T«‘digrtH‘ 


;t5 - [..V. I X Tir)7-I > 


HK i LM; \ XT 157-4 


:19 1.5^ 1 X'1 1.57 5 


10 .. I 1 ..% 1 X TI .57 S 


Inoculum 



Smut in- 


Source 

(fCll- 

<*ra* 

1 ion 

H>hrid 

128 

Oro 

Alhit 

Hohen- 

heimer 

Hussar X 
Hohen> 
hcimer 



( 

Perctnf] Per cent 

Percent 

Percent 

Percent 

Oro 


IK) 

85 

- 

0 


fl(»hciihciiiu*r 


Kf) 

0 


30 


[Hard Federation 

V, 

2<) 

12 


0 

.. .. 



H2 

70 


0 


. - do 

F4 

81 

84 


0 


<io 

Fi 

84 

77 


0 


1 - (i<» 

f*, 

92 

85 

- 

0 


iHard Federation 

¥i 

48 

3 


1 


()ro 

F, 

hr> 


' 

0 


Hybrid 12.S 

Va 

97 


' 

0 


do 

F-, 

90 

1 


0 


do 

F, 

95 



0 


Hard Federation 

I F, 

94 

33 


! 21 

1 

Oro 

V. 

8.5 

30 


> 27 


Hohenheimer 

F. 

tM) 

27 


1 33 


Oro 

F4 

88 

24 

1 

1 22 


Hohenheimer 

F4 

89 

28 

i 

: 32 


On» 

Fs 

80 

28 


20 


Hohenheimer 

F, 

79 

30 


; 3:) 


Oro 

Ft. 

87 ; 

S4 1 


: 20 


Hohenheimer 

F« 

9ft 

72 

1 

1 ftS 


Hard Federation 

* Vi 

i 48 . 

10 


i 0 


Oro 

F, 


1 




H>hridl2K 

, Va 

22 ' 

7 


! 0 


- .do 

' F4 

1 32 ! 

9 


i 2 


do 

1 F.. 

! 1 

04 

1 


1 " 


HYBUID L-7XT 10 


L 7 
T -10 

41 . 


42-1. 


42-2 


44 . 

40-1 ... 


— — — ^ 

— - 

— 

— 

-- 

- - - 

-- 

- -1 

Allot 


92 1 . 

93 

0 

_f 

Ho!ienheinu*r 


93 1 

0 

73 


Hohenheimer .. . 

F2 

70 


0 

0 

UO 2XTft7-3 . . 

Hybrid 128. ... 

Fj 

85 



0 

1 

do _ . .. 

F4 

87 


1 

0 

L7l>-3XTft7-3 i 

Hindi ..... .. 
Hybrid 128 ... 

F, 

F? 

30 

29 


0 

? 


- do ... _ 

Vi 

98 


0 

0 

-do - 


Hybrid 128__ 

V2 

96 

- . 

95 



Alhit 

F, I 

92 





1 Hybrid 128 

F4 i 

95 


83 

t 

5 

! 

Hindi .. ... . 

Fi 

5ti 


2 

1 

L71-1 XT09-1 


1 Hohenheimer. 

F« ! 

47 


1 

2 


1 do... .. 

F.; 1 

38 



6 



1 ..do.. 

F4 

10 


i j 

7 



IHindi. 

F, i 
Fa 

27 


3 

1 

L71-1 X T69-3 . . 


Albit. 

94 


88 

6 



L-*-do. 

F, 1 

86 



0 


0 

0 

0 

0 

0 

0 

0 

0 

6 

0 

0 

0 

0 

0 

0 

0 

0 


J T, levis parent, chlaiiiydcKsport* 50, siwridium 1, cro.s.sed with T. tritici parent, chlamydaspore 157, sporid- 
ium 1. 
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Table 1. —Pathogenicity of interspecies hybrids between Tillelia levis and 
T. iritici —Continued 

HYBRID L-7 X T-lO-Continuf'd 




Inoculum 




Smut in— 


Parent 









or 

hybrid 

No. 

Podijrree 

Source 

Gen¬ 

era¬ 

tion 

Hybrid 

128 

Oro 

Albit 

llohen- 

hoinuT 

Hussar X 
Hohen¬ 
heimer 





Percent 

Percent 

Percent 

Percent 

Perernt 




1 Hohenhciiner_ 

F2 

25 


0 

ft 

1 

46-2 

L71 1 X T69-3 . . 


. - do. 


33 


3 

1 




L --do_ 

Fi 

6 


3 

3 

0 




[Hindi. 

F, 

47 


3 

0 


49 

L71-2 XT69-2_ 


|Hybridl28 - . . 

Fj 

78 


8 

4 

0 




iHohcnheinn'r.. 

Fj 

37 



26 

1 




1 - -do_ -- 

F« 


1_ 

() 

1 

0 

1 


HYBRID T 12XL-S 


T-12- - 


Hohenhcmier_ 


92 

1 


67 

L-8 - 


Oro . 


9(1 

85 


0 



[Hindi . - -- 

F, 

75 

7 


7 



Oro . . - 

F2 

86 

.36 


6 

67_ 

T192-1 X TJl-1 

J - do - _ 

F» 

88 

82 


15 



Hohenheimer--- -.- 


81 

16 


61 



1 do - .. 

F, 

4 4 

14 


74 

1 

1 

1 Hindi . 

F, 

30 

2 


0 ' 

68 . 

T192-1 X L74-2 

< Hybrid 128.. 

F2 

66 

1 


1 



1 do. 


19 

1 


1 ' 



[Hindi. . 

F, 

63 

5 


1 i 

73 .. 

T192-1 X T>74-3 

< Hohenheimer 

F2 I 

81 

J2 1 . .. 

1 29: 



1- --do. i 

F3 i 

63 


27 


The relative patliog(>iiicity of hylnids hetwei'ii races L--7 and T-IO 
is likewise presented in table 1. Albit and Hussar were susei'plilile to 
L-7 and resistant to T-10, whereas Holienheirner was resistant to L-7 
and susceptible to T-10. (The reaction of Hussar to tht‘se two races 
is not shown in table 1.) The variety Hussar X Hohenhciiner (C. I. 
10068-1) was highly resistant to both of these races as wi'll as to all 
other known rac(>s of the wheat, bunt fungi. This varic'ty was se¬ 
lected from a cross between Hussar (C. I. 4843) and Hohenhciiner 
(C. I. 11458). The primary purpose, therefore, in hybridizing Ij- 7, 
which infects Hussar, and T-10, which infects Hohenheimer, was to 
test the theoretical possibility of obtaining segregates capabh* of 
infecting Hussar X Hohenheimer. It is apparent, however, from the 
data in table 1, that such segregates did not occur, since this variety 
was highly resistant to all the hybrids. Furthennore, most of the 
hybrids wc'rc less virulent than either of the parent races. For (*.\- 
ample. Hybrids 41 and 42-1 infected only the susceptibh* variety 
Hybrid 128. At least one other hybrid not included in table 1 gave 
a similar reaction. Hybrids 42-2 and 46-1 produced the same re¬ 
action as the L-7 parent, although, like the T-10 parent, the. chlamy- 
dospores of both of the selections were retieulate. The remainder of 
the hybrids between L-7 and T-10 shown in table 1 infected Hybrid 
128 only (except Hybrid 49, which produced 26 percent on Hohen¬ 
heimer in the F 3 ), and this capacity appeared to decline in successive 

f enerations, especially when the inoculum was taken from Hohen- 
eimer. 
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Data on the pathogonicity of hybrids between T-12 and Lr-8 arc 
also presented in table 1. T~12 infects Holietiheimer but not Oro, 
whereas Ij- 8 infects Oro but not Hohenheimer. Of the three hybrids 
studi('d, Hybrid 67 was the most virulent, being able to infect both 
Oro and Hohenheimer, whereas Hybrid 68 infected only Hybrid 128. 
Although it infected Hohenheimer, Hybrid 73 was less virulent on this 
variety than the T"12 parent. The chlamydospores of Hybrid 68 
wer(‘ smooth while those of the other two hybrids were reticulate. 

RACE HYBRIDS 

Th(^ data obtained from studies on hybrids betw-^een T-8 and T-9 
are present(‘(l in table 2. Albit and Hussar are susceptible to T-8 
and resistant to T -9, wiiereas Hohenheimer is resistant to T-8 and 
susceptible to T-9. As noted previously, Hussar X Hohenheimer is 
r(‘sistant to these and all other know n races of Tilletia triticl and T. 
lerl^. It. will be noted, however, that all the hybrids between T-8 
and T-9 included in table 2, except Hybrid 53, were capable of 
infecting this variety. Thn^e other hybrids betw^een these races, 
not included in table 2, w-erc similar to Hybrid 53 in their pathoge¬ 
nicity. In g(m(Tal, pathogenicity on Hussar X Hohenheimer W'as 
accompanied by gn^ater virulence on Hohenheimer than that exhibited 
by the T-9 jianuit, and by less pathogenicity on Albit and Hussar 
than that exhibited by the T-8 parent. An exception to this maybe 
not(Ml in tlu‘ cas(' of Hybrid 56, wdiich was more virulent on Hohen¬ 
heimer and Albit than the parent races, though less virulent on Hussar 
than T-8. A preliminary report on th(» pathog(*nicity of hybrids 
bcdw-^ecui T-8 and T-9 and the transgressive inheritance of patho¬ 
genicity factors in sonu* of these hybrids has been already made {6), 

T\bi.k 2. Pathogenicity of interrace hybrids of Tilletia tritici 
irvimil) T-8 X T-q 


I'tiicnl 

<»r 

h> bnd 
No 


Inoculum 




Smut m 

— 


rcdijiriT 

.Source 

(icll- 

cra- 

Hybrid 

128 

Albit 

Hohen¬ 

heimer 

Hussar 

X 

Hohen- 

Hussar 




tion 




heimer 






Ptrci nt 

Percent 

j 

Percent Percent 

Percent 

K 


Albit --- . . 


85 

89 

0 

0 

53 

T-U 


Ilohenheiiner . 


85 

0 

30 

0 

0 



(Hindi 

F, 

95 

12 

28 

3 

0 



Hussar X Hohenheimer. 

Vi 

8fi 


37 

8 




_do 

F, 

75 


35 

16 


! 

1 

-- do - 

Vi 

86 

"l9 

74 

29 

'2 

.50 . „ 1 

TOO lXT157-2>..j 

Hohenheimer- . 

Fo 

99 

2t) 

37 

4 

... 



- . do ... _ 1 

F, 

86 


3) 

1 




do _ . 

F^ 

88 

13 

62 

2 

6 



Hybrid 128 - 1 

F2 

94 j 

13 

0 

0 




Albit .... 

Vi 

94 

83 

0 

0 


1 


Hindi.. 

F, 

94 

8 

10 

3 


52. j 

TWV-1 XT 157-4- 

Hussar X Hohenheimer.. 

Fs 

90 


27 

6 




--- do.. ... 

F3 

90 


50 

18 


1 


do-. 

F, 

87 

“71 

77 

36 

27 

1 


fllindi. 

Fi 

72 

3 

1 

0 

... 


Tm)-1XTI57 5.. 

Hybrid 128 
. do 

Fa 

Vi 

' Vi 

63 

74 

1 

0 

0 

0 




1 

1 


i 


....do.. 

23 

”1 

! 0 

6 


> T-8 parent, chlamydosporeW),sporidium I, crossed %ith T-9 parent, chlamydosiwre 157, sporidium 2. 








560 


Journal of Agri^iultural Research 


Vol. M, No. 12 


Table 2. —Palhogenicity of interrace hybrids of Tilletia tritici —Continued 
HYBRID T-8 X T-B-Contlnued 


Parent 


Inoculum 



Smut in 

- 










or 

hybrid 

No. 

PedigrtHi 

Source 

Gen¬ 

era¬ 

tion 

Hybrid 

128 

Albit 

Hohen¬ 

heimer 

Hussar 

X 

Hohen¬ 

heimer 

Hussar 





Percent 

Percent 

Percent 

Percent 

Percent 



[Hindi - _ 

Ft 

F2 

86 

16 

18 

75 

1 


54 . . 

T60~2XT157- 1 

Hohenheimer . . _ 

86 

5 

12 


Hussar X Hohenheimer.. 

Fs 

05 


29 

13 




_do.. ..- 

F4 

92 

20 

67 

37 

3 



Hindi _ 

Fi 

93 

9 

20 

5 




Hussar X Hohenheimer. 

F? 

92 


36 

19 


55 

T60-2XT157-2 . 

.do . 

Fs 

89 

30 

85 

74 

56 

7 

Hohenheimer . 

F2 

99 

81 

25 




... do - . . 

Fj 

85 


54 

4 




. do.. 

F4 

88 

81 

84 

6 

17 



[Hindi. 

F, 

93 

12 

21 

2 




UiLssar X Hohenheimer. 

F2 

85 


38 

7 


56 . 

TOO-2 XT 157-3 

AU)it. 

F2 

99 

82 

13 

9 




do. .. .... 

Fi 

94 


2 

S 




Hussar X llcOienhemier. 

F4 

94 

85 

89 

44 

j 29 



HVBRIl) T 

-8 X 'i 

' 10 





T-8 

1 1 
1 - 1 

Albit. 


1 85 1 

89 

0 

i 

93 

T-10 - 


Hohenheimer . . . 


93 


73 

1 0 

< 0 


1 " ' ' 1 

[Hindi .. . 

F, 

33 

1 .... 

1 

1 h 

j 

61. - 

T61 1XT67-1 

Hybrid 128 .. .. 

. do .... 

F2 

Ft 

92 

' 93 

i 

0 1 0 

0 j 0 

j 



...do. 

Ft 

1 75 

i 

0 

0 

i “ 



[Hindi. 

F, 

' 91 

1 


3 


62 

T61-iXT67-2 ' 

Hussar X llohcnheiiner 
do. 

F2 
' Ft 

92 

88 

1 

M 

fi7 

18 

57 

1 


1 

1 

do 

i 

; 

’ ’ 63 

92 

35 

22 


1 

1 

Hindi 

! 

1 


.. 

0 


63 

T61-1XT67-3 

Hybrid 128. 
do 

F. 

F, 

i 30 

78 

! n 

0 

0 



i 

d(j 

, Ft 

95 

' 1 

« 

0 

0 


Hybrids were also made between T-<S and T-10 to determine whether 
Hussar X Hohenheinier inijnht be suseeptible to any of tin* segregates. 
These raees differ in the same manner as that deserilied for T-8 
and T-9. However, T-IO differs from T-ti by its greater virulenee 
on Hohenheimer (7). The relative virulenee of three hylirids belwi'en 
T-8 and T-10 is indicated by the data presentiul in table 2. Hybrids 
61 and 63 w’ere able to infeet only Hybrid 128, wherc'as Hybrid 62 
infected all of the varieties including Hussar X Holu'iiheimer, though 
it was less virulent on Hussar than the T-8 panuit. 

BACKCROSSES 

Four baekcrosses to the T-8 parent wen; made with two mono- 
sporidial lines from each of two ehlamydospon's from Hybrid 50 
(T-8 X T-9). The virulence of these baekcrosses is shown by the 
data presented in table 3, and it will be noted that Albit was highly 
susceptible to all of them as well as to the T-8 parent, whereas 
Hohenheimer exhibited varying degrees of susceptibility, depending 
upon the source of the inoculum (table 3). 
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Table 3. —PaihogenicUy of backcrosees of Hybrid 50 to the T-8 parent 


Parent 

and 


Inoculum | 

[ Smut in— 

back- 

Pedigree 


I 




cross 

No. 

Source 

Oener- 

ation 

Hybrid 

128 

Albit 

Hohen¬ 

heimer 


1 

1 



Percent 

Percent 

Percent 

r-8 - 


Albit. 


85 

89 

0 



(Hindi. 

F, 

63 

.53 

4 

74 _ 

T6l)-lXH91-3^ . 

fAlblt.- 

Fa 

76 


21 



Hybrid 128. 

(Hindi_ 

Fj 

Fi 

85 

; 90 

84 

75 

6 

31 



Hohenheiiner 

F2 

92 


84 

'5 - 

T(1()-1XH»1 7. 

^ do . , . . , 1 

F3 

87 

80 

82 



Albit. . - . - __ 

F2 

88 


55 



[Hybrid 128 . ... 

(Hindi . 

Fa 

Fi 

94 

95 

93 

76 

17 

32 



Albit. .. 

Vi 

85 


19 

^6 . 

T60-1XII92-1 - 

pjybrid 128 

1 F, 

93 

97 
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‘ (’lihunydospon* 60, '•{K^ndiuiii 1, of T-8, crossed with chlamydospore 91, sporidiuin 3, of Hybrid 50 

DISCUSSION 

Hybridization has long b(‘on roco^iizod as a possible factor in the 
origin of physiologic races of TiUetia tritici and T. levis. Although 
these species and thcdr resp(»ctive races can be hybridized readily under 
controlled conditions, tin* extent to which this process occurs under 
natural conditions is not known. Nevertheless it seems highly signifi- 
(*ant that many of the artificially produced hybrids have given rise to 
OIK' or more new pathogenic types. In otlu'r words, the readiness 
with which this jirocess functions under controlled conditions suggests 
that it probably occurs in nature at least occasionally. Furthermore, 
the n'sults obtaimnl from these studies tend to emphasize the possible 
importance of hybridization as a factor in perpetuating the bunt 
problem. 

Th(‘ importance of geiu'tic factors in the basic inheritance of patho¬ 
genicity in the bunt fungi is evident from the data presented in the 
for(‘going iiagi'S. However, the exact nature of this inheritance has 
not b('(»n determim'd, mainly because of the difficult, if not impossible 
task, of obtaining cultures of complete sets of primary sporidia from 
pari'Ut and hybi*id chlamydospores.^ Nevertheless, there appears to 
be sufficient evidence at liand to indicate that in hybrids involving 
differential r(»action on two host varieties pathogenicity is inherited on 
at h'ast a dihybrid basis. For example, at least tliree pathogenic types 
are repr('S(*nted by the four hybrids between L~8 and T -9 (table. 1), 
Four pathogenic types would be expected where two factors are 
involvt'd. These hybrids w ere produced by crossing one monosporid- 
ial line' of L 8 wdth four monosporidial lines of T-9; two of ilu' hybrids 

i Hantm ncrfocted ft tochniqiio which made it jK»ssible to obtain cultures of all the sporidia from a 
proinyceliuin, but the nitdhod was not described 
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are entirely different from both parents, whereas the other two appear 
to be the same as the L-8 parent. Therefore, at least three factor 
combinations upp(‘ar to have occurred in th(‘S(‘ four hybrids. Similar 
results were obtained with hybrids bctwc'cn T-12 and L~8 (table 1). 

Evidence of multiple factors and the extent to which new combina¬ 
tions of pathogenicity factors may occur in hybrids of the bunt fungi 
is indicated by results obtained with hvbrids b(»tween T- 8 and T"9 
and T“8 and T 10 (table 2). Several of these hybrids produced 
segregates that were' pathogenic on Hussar X Hohenheimer, a variety 
that is highly resistant to all known races of Tilletia triiici and T. levis. 
Apparently the dominant factor in the production of pathogenicity for 
Hussar X Hohenheimer was (*arried by certain sporidia of the T-9 
parent. This is indicated by the patliogonic properties exhibited by 
Hybrids 50, 52, and 53. In pedigree, these hybrids differ only by th(‘ 
T-9 parent, and the fact that Hybrid 53 was nonpathogenic on Hussar 
X Hohenheimer suggests [hat sporidium5of the T-9 par(*nt lackc'd the 
fa(*tor or factors necessary to produce pathogenicity on this vai'icty. 
Similarly the results obtained with Hybrids 50 and 55 suggest a domi¬ 
nant influence of the T-8 parent on the nuiction of Albit. The 
p<'digree of these hybrids diflers on the side of the T-8 parent, and 
segiegates of Hybrid 55 that were highly virulent on IIoluMiheinuT and 
Hussar X Hohenheimer were more virulc^nt on Albit than similar 
segi'egates of Hybrid 50. In other words, the faetor or factors for 
virulence on Albit in sporidium I of tin* T-8 parent were* diflVrent from 
thos(' in sporidium 2. F'urthermore, the greatiT susceptibility of 
Hohenheimer to certain segregat(‘s of Hybrids 50 and 55 than to th(‘ 
T' 9 parent suggests that the T 8 parent contribut(‘d to the virul(*rice 
of these segregates on this variety. 

The high viruhmee on Hohenheimer ('xhibited by Hy))rid 50 was 
evident also in baekerosses of this hybrid to tln^ T-S parent (table 3). 
Three of the baekerosses were more virulent on HolKMiheinu^r than tin' 
T-9 parent, and t))ey W('re equally as virulent on Albit as the T-8 
parent. Furthermore, it seems probable that the otln'i* backeross 
(Hybrid 74) would also have been highly viriihuit on IIohenlnMimT, 
if the inoculum had been taken from that ^ariet\^ 

Although pathogenicity in Tilletia triticl and 7\ levies a|)par(‘ntly is 
controlled by genetic factors, the selective' influ(*nce of the host 
variety plays an important part in the ('xpre'ssion of pathogeuiic 
propc'rties and hence in the establishment of lu'w physiologic laces. 
Evidence of this is shown by the results obtaiiK'd with several of the 
hybrids used in these studies. For example, the repeated seh'ction 
of inoculum of Hybrid 39 (table 1) from Oro through tin* sixth g(‘nera- 
tion resulted in a marked increase in virul(*nce on Oro with no change 
in virulence on Hohenheimer, whenms the si'leetion of tln^ inoculum 
of this hybrid from Hohenheimer resulted in an inert'ase in virulence 
on both Oro and Hohenheimer. In contrast, a marked decrease in 
virulenee was exhibited by Hybrids 40 and 49 (table 1), even on tht* 
susceptible variety Hybrid 128, when the inoculum \vas repeatedly 
taken from Hoh(‘nheinier. The influence of host selection on patho¬ 
genicity is further indicated by theinfection of Hussar X Hohenheimer 
by hybrids between T-8 and T-9 (tabh* 2). The ino(*ulum that was 
taken repeatedly from Hussar X Hohenheimer inci’eased in virulenee 
on this variety, whereas selections of tin* same hybrids taken from 
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other varieties decreased in virulence on Hussar X Hohenheimer. 
Similar results were obtained with other hybrids (table 2). 

Independent inheritance of factors for pathogenicity, and for 
spore morphology, is indicated by the results obtained witli Hybrids 
42~2 and 46-1 (table 1). Both of these hybrid segregates possessed 
the pathogenicity of the L-7 parent and the spon* morpiiology of the 
T-10 parent. 

SUMMARY 

The results from investigations on 50 interspeeies and interraec 
hybrids of Tilletia tritici and T. lens are presented. Approximately 
83 percent of tlie interspeeies hybrids perpetuated themselves, in 
contrast to only 59 percent of the interrace hybrids. On the other 
hand, the race hybrids were more productive of new pathogenic 
segregates than the species hybrids. 

Some of the segr(‘gat('s from the various hybrids were more virulent 
than the parent races, others were less virulent, while still others 
were similar in pathogenicity to th(» parent races. 

Entirely new combinations of pathogenicity factors were produced 
in sev(‘ral of the hybrids, as indicated by their pathogenicity on the 
variety Hussar X Hohenheimer, which is highly resistant to all known 
naturally ocTurring races of the wheat bunt fungi. 

Pathogenicity in Tilletia tritici and T, leris is genetically controlled 
and apparently inlu'rited on a multiple-factor basis. Factors for 
pathogcmicity and spore morphology are iriheiited independently. 

The selective influence of the host variety is important in the 
establishment of new pathogenic types resulting from hybridization. 
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